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Sir: 

This is an appeal from the Final Office Action dated 
February 29, 2000 in which claims 1-3 and 5-22 were finally 
rejected. 

REAL PARTY INTEREST 
NanoGram Corp., a corporation organized under the laws of 
the state of Delaware, and having offices at 46774 Lakeview Bid., 
Fremont, CA, has acquired the entire right, title and interest in 
and to the invention, the application, and any and all patents to 
be obtained therefor, as set forth in the Assignment filed^with the 
patent application and recorded on Reel 9402, frame 0196 _^ 

RELATED APPEALS AND INTERFERENCES ^ ^ fH 

There are no related appeals or interferences regarding 
the present appeal . - ^ " ^ 

STATUS OF THE CLAIMS 
Claims 1-3 and 5-22 are pending and stand rejected. 
Applicants appeal the final rejection of claims 1-3 and 5-22. The 
pending claims are presented in Appendix A below. 


-3- 

STATUS OF AMENDMENTS 
An Amendment After Final was filed on May 1, 2000. In an 
Advisory Action dated May 19, 2000, the Examiner indicated that the 
Amendment would be entered following the filing of a Notice of 
Appeal and An Appeal Brief. Thus, all Amendments have been 
entered. 

SUMMARY OF INVENTION 
Applicants' invention involves novel forms of aluminum 
oxide particles and methods for producing aluminum oxide particles. 
Specifically, with respect to the aluminum oxide particles, the 
invention is directed to collections of submicron aluminum oxide 
particles. Submicron particles have an average diameter less than 
about 1000 nm (one micron) , although the claims are limited to 
particles with an average diameter less than about 500 nm. The 
collections of particles have an extremely uniform particle size. 
This uniformity can be expressed in two ways. First, the 
distribution of particle sizes around the average drops off very 
quickly. In addition, the particle size distribution does not have 
a tail, such that there are no particles above a certain cut off 
value . 

The production of highly uniform particles is enabled by 
the use of laser pyrolysis. These processes are the subject of 
claims 17 and 18. Unlike standard chemical reactions under 
equilibrium conditions, the light bean defines a reaction zone in 
which the reaction is driven to completion. See the specification, 
for example, at page 4, line 34 to page 5, line 2, page 6, lines 
16-27 and page 12, lines 12-23. The extreme amounts of heat in the 
reaction zone tends to dissociate reactants within the reaction 
zone. The species then recombine to form the product compositions. 
The reaction is rapidly quenched as the particles leave the 
reaction zone. See page 12, lines 12-23. This quenching 
terminates further reaction and corresponding particle growth. 
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Since the reaction zone is small and well defined, the product 
particles are correspondingly uniform. 

Pending claim 1 is directed to the uniformity of the 
particle collection through the cut off in the particle size 
distribution. In other words, the plot of particle diameters does 
not have a tail at large diameters. For further description of 
these uniform particle collections, see the specification, for 
example, at page 20, line 16 to page 21, line 10. Specifically, 
less than one particle in one million particles have a diameter 
more than three times the average diameter. Similarly, pending 
claim 19 is specifically directed to the sharp drop in the 
distribution of particle sizes away from the average particle size. 
This narrow distribution about the average is independent from the 
lack of a tail in the distribution, although they both relate to 
the overall particle size distribution. Foe example, a 

distribution could be narrow near its peak but have a tail at 
larger diameters. Applicants have produced powders with a 
distribution of particle sizes that is both narrow near its peak 
and without a tail at larger distributions. This distribution is 
shown in Fig. 11 of Applicants' specification. 

ISSUES 

Whether claims 1-3 and 5-16 are indefinite under 35 
U.S.C. §112, second paragraph? 

Whether claims 1-3, 5-8, and 19-22 are obvious under 3 5 
U.S.C. §103 (a) over any one of U.S. Patent 4,861,572 to Sugoh et 
al., U.S. Patent 4,705,762 to Ota et al., U.S. Patent 5,635,154 to 
Arai et al . , U.S. Patent 5,417,956 to Moser and U.S. Patent 
5,447,708 to Helble et al . ? 

Whether claims 1-3, 5-16 and 19-22 are unpatentable under 
35 U.S.C. §103 (a) over either U.S. Patent 5,804,513 to Sakatani et 
al. alone or in view of U.S. Patent 5,697,992 to Ueda et al., the 
Ueda patent alone, U.S. Patent 5,868,604 to Atsugi et al . alone or 


in view of the Ueda patent, U.S. Patent 4,021,263 to Rosenblum 
alone or in view of the Ueda patent, U.S. Patent 5,228,886 to 
Zipperian alone or in view of the Ueda patent, U.S. Patent 
5,300,130 to Rostoker alone or in view of the Ueda patent, U.S. 
Patent 5,389,194 to Rostoker et al. alone or in view of the Ueda 
patent, or U.S. Patent 5,527,423 to Neville et al. alone or in view 
of the Ueda patent? 

Whether claims 17 and 18 are obvious under 3 5 U.S.C. 
§103 (a) over U.S. Patent 5,064,517 to Shimo? 

Whether claims 17 and 18 are unpatentable under 3 5 U.S.C. 
§103 (a) over 1) Sugoh et al . , 2) Ota et al . , 3) Arai et al . , 4) 
Moser, 5) Helble et al., 6) Sakatani et al . , 7) Ueda et al . , 8) 
Atsugi et al., 9) Rosenblum, 10) Zipperian, 11) Rostoker '130, 12) 
Rostoker et al. '194, or 13) Neville et al., as applied to claim 1, 
further in view of Shimo? 

Whether the claims are obvious over the claims of 
copending application 08/961,735? 

Whether the claims are obvious over the claims of 
copending application 09/433,202? 

GROUPING OF CLAIMS 

Claims 1-3, 5-16 form a first group of claims directed to 
aluminum oxide particles having essentially a cut off in the 
particle size distribution. 

Claims 17 and 18 form a second group of claims directed 
to a method of producing aluminum oxide particles using light 
radiation . 

Claims 19-22 form a third group of claims directed to 
aluminum oxide particles with a narrow particle size distribution. 

ARGUMENT 

I . Indef initeness Under 35 U.S.C. §112, Second 


Paragraph 
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The Examiner rejected claims 1-3 and 5-16 under 35 U.S.C. 
§112, second paragraph as being indefinite. In particular, the 
Examiner objected to the reference to "the primary particles" 
because there was no explicit earlier reference to primary- 
part icles. Applicants have deleted "the" from the phrase. 
However, Applicants note that presence of primary particles is 
clearly inherent such that the use of the article "the" would not 
lead to indef initeness . Also, the dependency of claim 18 has been 
corrected. Applicants respectfully request the withdrawal of the 
rejection of claims 1-3 and 5-16 under 35 U.S.C. §112, second 
paragraph. 

II . Rejections Of Claims 1-3, 5-8 and 19-22 Under 35 
U.S.C. §103 (a) Over Single References 

The Examiner rejected claims 1-3, 5-8 and 19-22 as being 
unpatentable over any one of U.S. Patent 4,861,572 to Sugoh et al . 
(the Sugoh patent), U.S. Patent 4,705,762 to Ota et al . (the Ota 
patent), U.S. Patent 5,635,154 to Arai et al . (the Arai patent), 
U.S. Patent 5,417,956 to Moser (the Moser patent) and U.S. Patent 
5,447,708 to Helble et al . (the Helble '708 patent) . The Examiner 
cited these five references for teaching particle sizes within the 
claimed range. Applicants respectfully request reconsideration of 
the rejections based on the following comments. 

A) Legal Background 

In phone conferences with the Examiner, Applicants 
inquired how the claimed feature regarding narrow particle sizes 
were disclosed in the cited prior art. The Examiner apparently was 
asserting, alternatively, that the cited prior art had 
distributions that overlapped with the claimed distributions or 
that the cited prior art inherently disclosed the claimed narrow 
particle size distribution. These and other relevant legal issues 
are presented in this section. 

All claim limitations must be taught or suggested by the 
prior art. See MPEP 2143.03. "Obviousness cannot be predicated on 
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what is unknown." In re Riickaert , 28 USPQ2d at 1957, citing In re 
Spormann , 150 USPQ 449, 452 (CCPA 1966). 

The proposition is well established that the prior art 
only renders a composition of matter unpatentable to the extent 
that the prior art provides a means of obtaining the composition. 


To the extent that anyone may draw an 
inference from the Von Bramer case that the 
mere printed conception or the mere printed 
contemplation which constitutes the 
designation of a 'compound' is sufficient to 
show that such a compound is old, regardless 
of whether the compound is involved in a 35 
U.S.C. 102 or 35 U.S.C. 103 rejection, we 
totally disagree. ... We think, rather, that 
the true test of any prior art relied upon to 
show or suggest that a chemical compound is 
old, is whether the prior art is such as to 
place the disclosed 'compound' in the 
possession of the public. 

In re Brown , 141 USPQ 245, 248-49 (CCPA 1964) (emphasis in 

original) (citations omitted) . Similarly, see In re Hoeksema , 158 

USPQ 596, 600 (CCPA 1968) (emphasis in original) : 

We are certain, however, that the invention as a 
whole is the claimed compound and a way to produce it, 
wherefore appellant's argument has substance. There has 
been no showing by the Patent Office in this record that 
the claimed compound can exist because there is no 
showing of a known or obvious way to manufacture it; 
hence, it seems to us that the 'invention as a whole,' 
which section 103 demands that we consider, is not 
obvious from the prior art of record. 

While there are valid reasons based on public policy 
as to why this defect in the prior art precludes a 
finding of obviousness under section 103, In re Brown, 
supra, its immediate significance in the present inquiry 
is that it poses yet another difference between the 
claimed invention and the prior art which must be 
considered in the context of section 103 . So considered, 
we think the differences between appellant's invention as 
a whole and the prior art are such that the claimed 
invention would not be obvious within the contemplation 
of 35 U.S.C. 103. 
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The Federal Circuit has further emphasized these issues. 
"But to be prior art under section 102 (b) , a reference must be 
enabling. That is, it must put the claimed invention in the hands 
of one skilled in the art." In re Sun , 31 USPQ2d 1451, 1453 (Fed. 
Cir. 1993) (unpublished) . Assertions in a prior art reference do 
not support an anticipation or obviousness rejection unless the 
references place the claimed invention in the hands of the public. 
Beckman Instruments Inc. v. LKB Produkter AB , 13 USPQ2d 1301, 1304 
(Fed. Cir. 1989). "In order to render a claimed apparatus or 
method obvious, the prior art must enable one skilled in the art to 
make and use the apparatus or method." Id. While a reference is 
prior art for all that it teaches, references along with the 
knowledge of a person of ordinary skill in the art must be enabling 
to place the invention in the hands of the public. In re Paulsen , 
31 USPQ2d 1671, 1675 (Fed. Cir. 1994) . See also In re Donohue , 226 
USPQ 619, 621 (Fed. Cir. 1985) . 

"To serve as an anticipation when the reference is silent 
about the asserted inherent characteristic, such gap in the 
reference may be filled with recourse to extrinsic evidence. Such 
evidence must make clear that the missing descriptive matter is 
necessarily present in the thing described in the reference, and 
that it would be so recognized by persons of ordinary skill." 
Continental Can Co. USA Inc. v. Monsanto Co. , 20 USPQ2d 1746, 1749 
(Fed. Cir. 1991). "Inherency, however may not be established by 
probabilities or possibilities. The mere fact that a certain thing 
may result from a given set of circumstances is not sufficient." 
Id., quoting Hansairq v. Kemmer , 40 USPQ 665, 667 (CCPA 
1939) (emphasis in original) . 

"In rejecting claims under 35 U.S.C. §103, the examiner 
bears the initial burden of presenting a prima facie case of 
obviousness. In re Riickaert , 28 USPQ2d 1955, 1956 (Fed. Cir. 
1993) . "Only if that burden is met, does the burden of coming 
forward with evidence or argument shift to the applicant." Id . 



The Examiner has noted that "a reference is good not only 
for what it teaches but also for what one of ordinary skill might 
reasonably infer from the teachings." However, ,f [t]o imbue one of 
ordinary skill in the art with knowledge of the invention in suit, 
when no prior art reference or references of record convey or 
suggest that knowledge, is to fall victim to the insidious effect 
of a hindsight syndrome wherein that which only the inventor taught 
is used against its teacher." W. L. Gore & Assocs., Inc. v. 
Garlock, Inc. , 220 USPQ 303, 312-13 (Fed. Cir. 1983). "Skill in 
the art does not act as a bridge over gaps in the substantive 
presentation of an obviousness case, but instead supplies the 
primary guarantee of objectivity in the process." All-Site Corp. 
v. VSI International Inc. , 50 USPQ2d 1161, 1171 (Fed. Cir. 
1999) (emphasis added) . 

Claims covering a range of composition narrower than a 
broader range covered in the prior art are prima facie obvious over 
the prior art. In re Malagari , 182 USPQ 549, 553 (CCPA 1974). 
Similarly, claims covering ranges overlapping or touching upon 
ranges disclosed in the prior art are also prima facie obvious. 
Id . There is some support for the proposition that prior art 
disclosing ranges that overlap with claimed ranges anticipate the 
claims. Ex parte Lee , 31 USPQ2d 1105, 1107 (USPTO Bd. Pat. App. & 
Int. 1993) (an expanded seven member board). Applicants do not 
believe that these cases are relevant to claim 1 and claims 
depending from claim 1, as described in the following section. 
With respect to claims 19-22, none of the prior art described 
overlapping ranges, as described further below. 

B) Overlapping Ranges 

1) Claims 1-3 and 5-8 

The Examiner has relied on case law relating to ranges 
specified in the claims to argue that they are prima facie obvious. 
See pages 4 and 7 of the Final Office Action of February 29, 2000. 
Applicants believe that there has been a misunderstanding regarding 


the case law and the claims. Applicants will attempt to address 
these issues. The case law on ranges cited above, relate to claims 
that have a continuously adjustable parameter. For example, a 
composition of matter may have a range in the relative amount of a 
particular atom within the claimed composition. Since the 
parameter is continuously adjustable, generally a range must be 
specified to define the parameter unless it is limited to a 
specific value. Each value of the parameter within the range 
describes a different physical embodiment of the article or method 
capable of being practiced. 

The present claims 1-3, 5-8 and 19-22 specify a range of 
average particle size. Specifically, independent claims 1 and 19 
indicate an average particle size of about 5 nm to about 500 nm. 
This type of parameter is of the type described in the case law on 
parameter ranges. A particular embodiment of a claimed composition 
will have an average particles size within the claimed range. 
However, the claims further include a limitation on the particle 
size distribution. This characteristic is independent of the 
average particle size. Since the prior art must teach or suggest 
all of the claim limitations, the narrow particle size must be 
taught by the prior art for the claims to be obvious over the prior 
art. The fact that the average particle size is taught is 
irrelevant with respect to the uniformity. With respect to claim 
1, the narrow distribution specifies a characteristic of a 
collection of particles that is either satisfied or not satisfied 
by a real collection of particles. The characteristic does not 
include a range of characteristics or parameters. This is in 
contrast with limitations including parameters that described a 
range of parameters. In any case, the relevant inquiry is whether 
or not the prior art describes embodiments or the obviousness of 
embodiments that fall within the claim limitations. 

In particular, claim 1 specifies that "less than about 
one in 10 6 particles have a diameter greater than about three times 


the average diameter of the collection of particles." This 
characteristic signifies that extreme uniformity of the powders 
disclosed and claimed by Applicants. Furthermore, this 

characteristic is a characteristic of every claimed embodiment and 
does not specify a range of cut off values of the distribution. It 
describes a single limitation on the covered powders. The cut off 
value for the distribution is three times the average diameter. If 
there are particles in a collection of power greater than this 
distance, the powder is not within the claimed compositions of 
matter. If there are no particles in the powder with a diameter of 
three times the average diameter then the powder is within the 
claimed compositions of matter. There is no range with respect to 
the cut off in the diameters of the collection of particles in the 
powder . 

At the risk of causing confusion but for completeness, 
there is a range in the claim limitation quoted in the previous 
paragraph. The range is that there are no more than about 10 6 
particles at the specified distance of three average diameters. 
The range is 1 in one million to zero. However, Applicants are 
confident that the 1 in a million range is not the range considered 
by the Examiner since this range was added for clarity in 
prosecution to replace "effectively no particles" (which has no 
range) , and the Examiner introduced the range issue prior to the 
introduction of the 0 to one in one million range into the claim. 
See the Office Action of March 19, 1999. In addition, the Examiner 
has not indicated in two phone interviews that this one in one 
million range was a consideration. 

Thus, in summary Applicants claims 1-3 and 5-8 and do not 
include a range in values that would implicate the issue of In re 
Malaaari , supra , or Ex parte Lee , supra . Thus, Applicants firmly 
believe that the Examiner has failed to establish prima facie 
obviousness of claims 1-3 and 5-8. 

2) Claims 19-22 
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Claims 19-22 include a limitation that the collection of 
particles has "a distribution of particle sizes such that at least 
about 95 percent of the particles have a diameter greater than 
about 40 percent of the average diameter and less than about 160 
percent of the average diameter." This limitation is related to 
the distribution of particle sizes around the average. At the 
lower end of the distribution, no more than 5 percent of the 
particles have a diameter less than 40 percent of the average 
diameter. At the high end of the distribution, no more than 5 
percent of the particles have a diameter greater than 160 percent 
of the average diameters. The range in this limitation is about 95 
percent to 100 percent of the particles fall within the specified 
cut of fs at large and small diameter values relative to the average 
value . 

The Examiner has NOT asserted that the cited prior art 
discloses overlapping ranges in the sense of values of the 
distribution such that between 0 and 5 percent of the particles in 
the prior art have diameters less than 40 percent of the average or 
greater than 160 percent of the average. The Examiner has made an 
unsubstantiated assertion that the particles size distribution 
limitation can be selected by a person of skill in the art as a 
selectable parameter. The Examiner is simply using hindsight based 
on Applicants' claims to make bald assertions of obviousness while 
completely ignoring actual disclosure in the references themselves. 
The only support provided by the Examiner is the fact that the 
prior art discloses overlapping average particle sizes. But 
average particle sizes is an independent parameter relative to the 
distribution of particle sizes. 

At page 9, of the Final Office Action of February 29, 
2000, it is stated that "these references teach broad particle size 
ranges which overlap the instantly claimed ranges and it is well 
know that overlapping ranges are obvious." This statement misses 
the point for two reasons. First, the ranges relating to 
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obviousness must relate to a claim parameter not some 
characteristic of the claimed article that the Examiner arbitrarily 
points out. Second, a size distribution is a characteristic of a 
single embodiment. Parameter ranges in the case law relate to a 
plurality of embodiments that fall within a claim. To apply the 
case law, one must examine how different embodiments relate to the 
claim, and specific ranges within the claim scope. 

In addition, to argue that a more uniform composition of 
matter overlaps a less uniform composition of matter is 
unreasonable and illogical. The fact that one composition is 
embedded within another does not make the more uniform composition 
of matter inherently old or obvious unless there is an old or 
obvious way of making the new composition and a motivation to form 
the composition. As an analogous example, a purified protein is 
not obvious over a native organism with the protein unless the 
existence of the protein was know, and there was an obvious way of 
purifying the protein and a motivation to purify it. Based on the 
Examiner's reasoning, the purified protein overlaps with the 
unpurified form. Furthermore with respect to uniform aluminum 
oxide powders, the Examiner has ignored the contrary evidence on 
the availability of uniform aluminum oxide particles presented in 
Dr. Kambe's Declaration and the Applicants' arguments presented 
regarding the specific cited references. Dr. Kambe's Declaration 
and resume, as originally filed on May 1, 2000, are attached as 
Appendix C. Applicants do not believe that the Examiner has 
established prima facie obviousness, and assuming arguendo prima 
facie obviousness, Applicants have rebutted these assertions. 

3) Summary of Range Issues 

Applicants believe that the aluminum oxide powders 
described and claimed in their application are unique compositions 
of matter that have not been disclosed publicly prior to their 
filing date. If these compositions of matter were not in the hands 
of the public prior to the filing date, Applicants believe that 
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they should be patentable subject matter. In view of the specific 
references cited by the Examiner, Applicants review below why they 
believe that these references do not render the present invention 
unpatentable. Applicants have no responsibility to establish 
patentability if the Examiner has not established prima facie 
obviousness. In spite of the fact that the Examiner has not 
established prima facie obviousness, Applicants have presented 
arguments why the cited references do not render the claimed 
invention obvious. 

Applicants acknowledge that the cited references disclose 
aluminum oxide particles with overlapping average particle sizes. 
However, Applicants do not believe that the Examiner has 
established prima facie obviousness because the claims include 
additional characterization other than average particle diameter. 
Specifically, Applicants' claims include values corresponding to 
the distribution of particle sizes around the average. The 
particle size distribution is an independent property of the 
powders. Thus, two collections of powders can have the same 
average particle size, but a very different particle size 
distribution . 

In response to Applicants 7 arguments regarding 
differences in particle size distributions, the Examiner responded 
that "the ranges defined by the references imply a variety of 
distributions, including the claimed one." Applicants believe that 
this unsubstantiated assertion is untrue. The particle size 
distribution is a direct consequence of the method used to produce 
the particles. The particle size distribution is not an arbitrary 
parameter that can be selected arbitrarily to meet Applicants' 
claim parameters. Until Applicants developed their approach for 
the synthesis of aluminum oxide, no approach was available for the 
production of aluminum oxide nanoparticles having an average 
particle diameter less than about 500 nm with the narrow particle 
size distributions disclosed and claimed by Applicants. This 
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proposition is supported by the enclosed Declaration by Dr. 
Nobuyuki Kambe, one of the present inventors. Dr. Kambe's 
Declaration and resume are attached as Appendix C. 

Applicants believe that the Examiner has failed to 
establish prima facie obviousness based on the cited references. 
To the extent that the Examiner has established prima facie 
obvious, Applicants have rebutted the asserted obviousness by 
submitting Dr. Kambe's Declaration substantiating that approaches 
for the production of aluminum oxide particles with the claimed 
narrow particles size distributions were not available to a person 
of ordinary skill in the art prior to Applicants' invention. 

C) Sugoh Patent 

With respect to the Sugoh patent, the Sugoh patent 
describes a solution based method for the production of metal 
oxides. Examples 1 and 2 of the Sugoh patent relate to silica 
(Si0 2 ) . The particle size growth for the silica particles is shown 
in Fig. 5. Table 1 includes a summary of the final particle sizes 
for aluminum oxide. The final particle size in the Sugoh patent 
for alumina is 1.2 microns, which is more than a factor of two 
larger than Applicants' claimed particle size. Furthermore, the 
Sugoh patent does not teach or suggest the claimed narrow particle 
size distributions claimed by Applicants. 

D) Ota Patent 

With respect to the Ota patent, the Ota patent discloses 
a flame synthesis method for producing ultra-fine powders. Flame 
methods are a well known approach for the production of inorganic 
powders. As demonstrated by the Ota patent, nanoscale powders can 
be produced using flame methods. However, the explosive nature of 
the flame process results in particles with a significant range in 
particle sizes. As reported in Table 1 of the Ota. patent, the Al 2 0 3 
particles are reported to have particle sizes ranging from 10-100 
nm. They do not report an average particle size, although it is 
presumably about 50 nm. Generally, when reporting values in this 


way, the range covers a reasonable majority (perhaps covering 90-95 
percent) of the particles excluding the tails of the particle 
distribution. These broad distributions are very different from 
those disclosed and claimed by Applicants. The Helble patent 
describes a similar flame process and provides a plot of the 
particle size distribution. 

E) Arai Patent 

With respect to the Arai patent, Applicants do not 
disagree that the Arai patent discloses the production of metal 
oxides. But Applicants assert that these metal oxides do not 
include alumina. The Arai patent discloses the production of iron 
oxide, nickel oxide and aluminum oxyhydroxide . See column 4, lines 
31-34 and Table 1. It is ambiguous from the disclosure of the Arai 
patent whether they consider aluminum oxyhydroxide to be a metal 
oxide. On the other hand, it is clear from Applicants' 
specification and from conventional usage that aluminum 
oxyhydroxide is not a metal oxide, as used in the claims. 
Applicants have previously enclosed relevant pages from the CRC 
Handbook of Chemistry and Physics to indicate the distinction 
between aluminum oxide with a hexagonal crystal structure (Al 2 0 3 ) 
and aluminum oxyhydroxide with an orthorhombic crystal structure 
(A100H) . These pages are reproduced in Appendix D. The Arai 
patent does not claim to be able to produce aluminum oxide as 
claimed by Applicants since the method in the Arai patent produces 
aluminum oxyhydroxide rather than aluminum oxide. Thus, the Arai 
patent does not teach or suggest Applicants claimed invention. 

With respect to the Arai patent, the portion of the 
patent cited by the Examiner (column 2, lines 1-15 and column 3 
[column 4?] , line 47) do not contradict in any way, Applicants' 
assertion that the Arai patent does not disclose the production of 
aluminum oxide. The Arai patent discloses the production of 
aluminum oxyhydroxide not aluminum oxide. Thus, the Arai patent 
cannot render Applicants' claimed invention obvious. The following 


comments are also applicable to the Arai patent as well as the 
other cited references. 

F) Moser Patent 

With respect to the Moser patent, the Moser patent 
describes a solution based approach for the production of metal 
oxide powders. Applicants note that in Table II of the Moser 
patent, the chemical formula is presented for each of the species 
except for the aluminum species. This strongly suggests that Moser 
et al. were not confident that they had produced alumina (Al 2 0 3 ) . 
At column 6, lines 1-6, the Moser patent indicates that 
Transmission Electron Microscopy was used to evaluate each of the 
materials. However, no particle morphology or particle size, is 
given for alumina. Thus, the results in the Table suggest that no 
nanoscale particles were formed of alumina. Even for the Ti0 2 
particles, Fig. 6 of the Moser patent shows large agglomerates with 
no distinguishable particles indicative of a particle size 
distribution extremely different from the distributions disclosed 
and claimed by Applicants. Thus, in the Moser process, the 
particle size distribution would clearly be much larger than the 
particle sizes presented in Applicants' claims. In summary, the 
Moser process does not inherently disclose the claimed aluminum 
oxide nanoparticles and does not disclose methods suitable for the 
production of the claimed highly uniform nanoparticles with an 
extremely narrow particle size distribution. 

G) Helble '708 Patent 

In the Helble '708 patent, the flame apparatus is 
designed to produce a short residence time. See, for example, the 
abstract. A short residence time should lead to a narrower 
particle size distribution. In Applicants' approach, the light 
beam creates a small, well defined reaction zone for particle 
formation. The well defined reaction zone leads to the extremely 
small particle size distributions. In contrast, in the Helble 
method, the particles have a wide range in particle sizes, as 
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visibly seen in their Figs. 3A and 3B. The resulting particle size 
distribution is plotted in Fig. 4 of the Helble patent. First, it 
is clearly seen that there are many particles with larger diameters 
greater than 100 nm. This corresponds to a large tail in the 
distribution. The distribution is plotted in a log scale, which 
dramatically constricts the spread of the distribution. If the 
average particle size is about 15 nm, there are many particles with 
a diameter greater than 4 times the average, i.e., 60 nm. 
Similarly, many more than 5 percent have diameter greater than 60 
percent more than the average. Thus, the Helble process does not 
lead to the claimed materials. Similarly, the Ota process, which 
is similar to the Helble process, cannot lead to the claimed 
materials . 

H . Summary 

Applicants believe that they have established that none 
of the five cited patents above inherently disclose Applicants' 
claimed invention. Furthermore, none of the methods disclosed in 
these patents are suitable for the production of Applicants' 
claimed materials. Applicants respectfully request withdrawal of 
the rejection of claims 1-3, 5-8 and 19-22 as being unpatentable 
over any one of the Sugoh patent, the Ota patent, the Arai patent, 
the Moser patent and the Helble '708 patent. 

Ill . Rejection Of Claims 1-3, 5-16 and 19-22 Over Single 
References or Alternatively Over a Combination of References 

The Examiner rejected claims 1-3, 5-16 and 19-20 under 35 
U.S.C. §103 (a) as being unpatentable over either U.S. Patent 
5,804,513 to Sakatani et al . (the Sakatani patent) alone or in view 
of U.S. Patent 5,697,992 to Ueda et al. (the Ueda patent), the Ueda 
patent alone, U.S. Patent 5,868,604 to Atsugi et al . (the Atsugi 
patent) alone or in view of the Ueda patent, U.S. Patent 4,021,263 
to Rosenblum (the Rosenblum patent) alone or in view of the Ueda 
patent, U.S. Patent 5,228,886 to Zipperian (the Zipperian patent) 


alone or in view of the Ueda patent, U.S. Patent 5,300,130 to 
Rostoker (the Rostoker '130 patent) alone or in view of the Ueda 
patent, U.S. Patent 5,389,194 to Rostoker et al . (the Rostoker '194 
patent) alone or in view of the Ueda patent, or U.S. Patent 
5,527,423 to Neville et al. (the Neville patent) alone or in view 
of the Ueda patent. These rejections, like the rejections above in 
section II, are based on the disclosure in the prior art of 
overlapping average particle sizes and the unsubstantiated bald 
assertion that the particle size distribution involves overlapping 
distributions. For the reasons discussed in the previous section, 
Applicants do not believe that the Examiner has established prima 
facie obviousness of clai ms 1-3, 5-16 and 19-20 based on the 
references listed at the beginning of the paragraph. The 
discussion in Section II above is also completely applicable here 
as well. However, Applicants again present arguments based on the 
specific references that these references do not render the claims 
obvious because they do not teach or suggest the narrow particle 
size distributions or method of generating particles with the 
narrow particle size distributions. 

Applicants first note that the Sakatani patent, the Ueda 
patent, the Atsugi patent, the Rosenblum patent and the Zipperian 
patent do not assert that they are producing aluminum oxide by any 
new methods. Only the Neville patent and the Rostoker patent 
assert the availability of new forms of aluminum oxide. Applicants 
discuss the Neville patent and Rostoker patent in more detail below 
after briefly discussing the other patents. 

The Sakatani patent discloses the use of known approaches 
for the production of aluminum oxides. See column 4, lines 64-67. 
A solution based method and a flame method are specifically 
mentioned. See column 5, lines 1-14. Flame methods were discussed 
above in Section II with respect to the Helble patent. Flame 
methods do not lead to the narrow particle size distributions 
claimed by Applicants. Equilibrium solution based methods also 
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lead to large particle size distributions. Specifically, the 
Sakatani patent discusses the hydrolysis of an aluminum alkoxide. 
Hydrolysis of an alkoxide is the subject of the Sugoh patent 
discussed above. Such a hydrolysis approach similarly does not 
lead to the claimed narrow particle size distributions. 

The Ueda patent has the same assignee as the Sakatani 
patent and has overlapping disclosure. The Ueda patent does not 
disclose any information beyond what was disclosed in the Sakatani 
patent. See, for example, column 3, line 12 to column 4, line 15 
and Example 1 in comparison with Example 1 of the Sakatani patent. 

The Atsugi patent describes the use of commercially 
available aluminum oxide. See column 3, lines 4-9 and 56-65. 
Commercially available aluminum oxide particles certainly do not 
have the narrow distributions of particle sizes disclosed and 
claimed by Applicants. The Declaration of Dr. Kambe attests to 
this issue. 

The Rosenblum patent and the Zipperian patent do not 
disclose methods or sources for their aluminum oxide. Presumably, 
they refer to the use of commercially available aluminum oxides. 
Thus, these patents are not particularly relevant to the rejections 
since they cannot inherently disclose the present invention since 
commercial materials are not available that meet the claimed 
particle size distributions. The extensive discussion herein and 
Dr. Kambe 's earlier Declaration provide further support of the 
irrelevance of these references. 

The Neville patent discloses a flame synthesis method for 
production of aluminum oxide particles. The Neville patent not 
only describes polishing with alumina particles with an average 
diameter less than 500 nm, but the patent also describes the 
production approach and particle size distribution of the secondary 
particles in a dispersion. The Neville patent discloses a flame 
synthesis approach without disclosing significant details of the 
process, column 6, lines 6-34. The secondary particle size 
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distribution for flame synthesized particles is presented in Fig. 
2 of Neville. No information is presented for the primary particle 
sizes, although the primary particles sizes for flame synthesized 
particles is presented by the Helble '708 patent, as described 
above. However, their secondary particle size distribution is 
significantly narrower than the primary particle size distribution 
of particles produced by a flame synthesis approach described in 
the Helble '708 patent, for example, see figure 4 of the Helble 
'708 patent discussed above. Nevertheless, even the narrower 
secondary particle size distribution shown in Fig. 2 of the Neville 
patent is considerably broader than the distribution disclosed and 
claimed by Applicants. 

Assuming for argument that the secondary particle size 
distribution presented in the Neville patent corresponds to the 
primary particle size distribution, with respect to Applicants' 
claim 1, the distribution in Fig. 2 of the Neville patent has a 
significant tail. At the tail, the distribution is dropping off 
about a factor of five for every 50 nm along the Y axis. Thus, the 
distribution would not fall off to having less than 1 per million 
particles until about 500 nm, more than a factor of five greater 
than the average diameter. Nevertheless, Applicants have 
previously amended claim 1 to indicate that the particle size 
distribution has a value of less than 1 per million particles by a 
diameter that is a factor of three relative to average diameter. 
As presently amended, Applicants' claim 1 accounts for any possible 
moderation of the tail in the Neville distribution at larger 
particle diameters. However, any error in the tail of the 
distribution shown in the Neville patent almost certainly would 
correspond to a corrected distribution with an extended tail more 
similar to the tail shown in the Helble '708 patent. 

Thus, the Neville patent falls far short of Applicants' 
claimed distribution. With respect to claim 19, the Neville patent 
is significantly broadened at both small particle sizes and at 
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larger particles sizes relative to Applicants' claimed 
distribution. In conclusion, the Neville patent does not teach or 
suggest Applicants' claimed invention. 

The Rostoker patent described the use of nanoparticles of 
Al 2 0 3 . The Rostoker patent discloses only one approach for 
obtaining nanoparticles of Al 2 0 3 , a process described in U.S. Patent 
5,128,081 to Siegel et al . (the Siegel • patent ) . The Siegel patent 
is attached in Appendix D. The Siegel patent describes the use of 
a gas phase condensation approach to producing the particles. This 
approach leads to a tail at larger particle sizes that brings the 
distribution outside of Applicants' claimed ranges. As evidence of 
this, Applicants previously filed a copy of a reference by Siegel 
et al., J. de Physique C5 : Supplement 10 681-686 (October 1988). 
A copy of this article is presented in Appendix D. The inset in 
figure 1 shows a particle size distribution for titanium dioxide 
produced by the gas phase condensation approach. The discussion 
below figure 1 refers to the distribution as "typical of the 
particle-size distribution produced in the gas -condensation 
method. " 

The long tail at larger particle sizes in the 
distribution clearly distinguishes the materials from those claimed 
by Applicants. The average "grain size" is about 13 nm, and a 
significant fraction of the particles have a size larger than 160 
percent of the average, i.e., about 21 nm. The elimination of 
larger particle sizes is critical for polishing applications since 
larger particles can scratch the surface of the material being 
polished. 

With respect to other availability of the aluminum oxide 
nanoparticles with a narrower size distribution, we note that Dr. 
Siegel was instrumental in the formation of Nanophase Technologies 
Corporation (Nanophase) . Nanophase was not able to scale up easily 
the gas-condensation approach described in the Siegel patent. 
Thus, a variation on the gas-condensation approach was developed, 
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called Physical Vapor Synthesis Approach. While this new approach 
is suitable for the production of commercial quantities of powders, 
the particle size distributions for Physical Vapor Synthesis are 
considerably broader than those obtained by the gas condensation 
approach. Applicants enclosed with an earlier amendment an 
advertisement article by Quinton Ford of Nanophase and pages down- 
loaded from the Nanophase web site that confirm this conclusion. 
These are attached in Appendix D. Therefore, the nanoscale 
particles needed to form the dispersions claimed by Applicants' 
claim were not commercially available from Nanophase. 

With respect to claim 15, the gas condensation approach 
and the Physical Vapor Synthesis Approach both produce particle 
size distributions that are gaussian in character. Gaussian 
distributions inherently have a long extending tail. Part of this 
tail can be seen in the distribution in the Siegel et al . reference 
enclosed. Thus, these approaches will result in particles with a 
diameter that is five times larger than the average particle size. 
Therefore, the Rostoker patent does not anticipate Applicants' 
claim 15. 

In conclusion, none of the cited references teach or 
suggest the narrow particle size distribution of aluminum oxide 
nanoparticles as disclosed and claimed by Applicants. Applicants 
respectfully request the withdrawal of the rejection of claims 1-16 
and 19-20 under 35 U.S.C. §103 (a) as being unpatentable over either 
the Sakatani patent alone or in view of the Ueda patent, the Ueda 
patent alone, the Atsugi patent alone or in view of the Ueda 
patent, the Rosenblum patent alone or in view of the Ueda patent, 
the Zipperian patent alone or in view of the Ueda patent, the 
Rostoker '13 0 patent alone or in view of the Ueda patent, the 
Rostoker '194 patent alone or in view of the Ueda patent, or the 
Neville patent alone or in view of the Ueda patent. 

IV. Rejection of Claims 17-18 Over Shimo 
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The Examiner rejected claims 17 and 18 under 35 U.S.C. 
§103 (a) as being unpatentable over U.S. Patent 5,064,517 to Shimo 
(the Shimo patent) . The Examiner cited the Shimo patent for 
disclosing Applicants' claimed invention for the production of 
nanoscale aluminum oxide particles. Applicants have amended claim 
17 to indicate that the reactants are flowed through the reaction 
chamber. In view of the amendment of claim 17 and the following 
comments, Applicants respectfully assert that the claims are 
clearly patentable over the Shimo patent . 

The Shimo patent describes a process wherein gaseous 
reactants are placed within a reaction chamber. See, for example, 
column 2, lines 50-54 and column 7, lines 64-69. The reaction is 
initiated by irradiating the reactants with light, and the product 
particles are collected from the walls of the chamber. See, for 
example, column 8, lines 45-48 and column 9, lines 12-15. The 
Shimo patent does not teach or suggest reacting a flowing reactant 
stream. Thus, the Shimo patent does not disclose the first element 
of Applicants' claimed method, as amended. Since the reaction of 
a flowing reactant stream is absent from the prior art reference, 
the Shimo patent does not render Applicants' claims obvious. 
Applicants respectfully request withdrawal of the rejection of 
claims 17 and 18 under 35 U.S.C. §103 (a) as being unpatentable over 
the Shimo patent . 

V. Rejection of Claims 17 and 18 Over A Combination of 

References 

The Examiner rejected claims 17 and 18 under 35 U.S.C. 
§103 (a) as being unpatentable over either 1) the Sugoh patent, 2) 
the Ota patent, 3) the Arai patent, 4) the Moser patent, 5) the 
Helble patent, 6) the Sakatani patent, 7) the Ueda patent, 8) the 
Atsugi patent, 9) the Rosenblum patent, 10) the Zipperian patent, 
11) the Rostoker '130 patent, 12) the Rostoker '194 patent, or 13 
the Neville patent, as applied to claim 1, and further in view of 
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the Shimo patent . The Examiner argues that it would have been 
obvious to manufacture the aluminum oxide particles described by 
the references cited against claim 1 using the method disclosed by 
the Shimo patent. Applicants have amended claim 17 to indicate 
that the reactants are flowing when the reaction takes place. 
Applicants respectfully request reconsideration of the rejection of 
claims 17 and 18 based on the amendment of claim 17 and the 
following comments. 

As noted above, the Shimo patent does not teach or 
suggest, Applicants' claimed method. Therefore, it is irrelevant 
whether or not the Shimo patent can be used to produce the 
materials disclosed in the other cited references. The cited 
references alone or in combination do not teach or suggest 
Applicants' claimed method, as amended. Therefore, the combination 
of references do not render claims 17 and 18 obvious. Applicants 
respectfully request withdrawal of the rejection of claims 17 and 
18 under 35 U.S.C. §103 (a) as being unpatentable over the 
references cited against claim 1 further in view of the Shimo 
patent . 

VI . Double Patenting Over 08/961,735 

The Examiner rejected claims 1-3, 5-16 and 19-20 under 
the judicially created doctrine of obviousness -type double 
patenting over claims 1-3, 5-9 and 11-16 of copending Application 
08/961,735 (the '735 application). The claims in the '735 patent 
are directed to general polishing compositions incorporating 
nanoscale particles with very uniform particle size distributions. 
The claims are not directed to aluminum oxide particles. 

Since the existence of highly uniform aluminum oxide 
particles is not obvious over the prior art, claims directed to the 
highly uniform particle sizes cannot and are not obvious over 
claims directed to general polishing compositions. The highly 
uniform aluminum oxide particles was first described in Applicants' 


present specification. Therefore, they are not obvious over the 
previously filed case, let alone over the claims of the previously 
filed case. Applicants respectfully request withdrawal of the 
rejection of claims 1-3, 5-16 and 19-20 under the judicially 
created doctrine of obviousness -type double patenting over claims 
1-3, 5-9 and 11-16 of the '735 application. 

VII. Double Patenting Over 09/433,202 

The Examiner in the Final Office Action suggested that a 
terminal disclaimer be filed over copending application 09/433,202. 
The Examiner did not present any arguments to support this 
assertion. The Examiner indicated that a double patent rejection 
was not made such that a final Office Action could be issued. 

Applicants believe that such an approach is manifestly 
unfair. This was pointed out in the Amendment dated May 1, 2000. 
In any case, Applicants do not believe that a rejection over 
09/433,202 is before them. 
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CONCLUSIONS AND REQUEST FOR RELIEF 
Applicants submit that claims 1-3 and 5-22 are unobvious 


over the prior art of record. Applicants believe that the Examiner 
has failed to establish prima facie unpatentability of any of the 
claims. To the extent that the Examiner has provided a prima facie 
showing of unpatentability, Applicants have provided adequate 
evidence to establish patentability over the issues of record. 
Thus, Applicants respectfully request the reversal of the 
rejections of claims 1-3 and 5-22 and the allowance of claims 1-3 
and 5-22. 


Respectfully submitted, 


WESTMAN, CHAMPLIN & KELLY, P. A. 



Peter S. DafSi', Ph.D., Reg. No. 3 9,650 
Suite 1600 - International Centre 
900 Second Avenue South 
Minneapolis, Minnesota 55402-3319 
Phone: (612) 334-3222 Fax: (612) 334-3312 
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1. A collection of particles comprising aluminum oxide, the 

collection of particles having an average diameter of primary 
particles from about 5 nm to about 500 nm and less than about one 
in 10 s particles have a diameter greater than about three times the 
average diameter of the collection of particles. 

2 - The collection of particles of claim l wherein the 

collection of particles have an average diameter from about 5 nm to 
about 25 nm. 

3 * The collection of particles of claim 1 wherein the 

aluminum oxide has a crystalline structure of 7-Al 2 0 3 . 

5 * The collection of particles of claim 1 wherein the 

collection of particles includes less than about one in 10 6 
particles with a diameter greater than about two times the average 
diameter . 

6. The collection of particles of claim 1 wherein the 
collection of particles have a distribution of particle sizes such 
that at least about 95 percent of the particles have a diameter 
greater than about 4 0 percent of the average diameter and less than 
about 160 percent of the average diameter. 

7. The collection of particles of claim 1 wherein the 
collection of particles have a distribution of particle sizes such 
that at least about 95 percent of the particles have' a diameter 
greater than about 60 percent of the average diameter and lefs than.^ 
about 140 percent of the average diameter. J; '~? £jf 

8. The collection of particles of claim 1 wherllnCthi= 
collection of particles have a distribution of particle sdfesSuJt? 
that at least about 99 percent of the particles have a diameter 
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greater than about 40 percent of the average diameter and less than 
about 160 percent of the average diameter. 

9 - A polishing composition comprising a dispersion of 

aluminum oxide particles of claim 1. 

10. The polishing composition of claim 9 wherein the aluminum 

oxide has a crystalline structure of 7-Al 2 0 3 . 

11- The polishing composition of claim 9 wherein the 

polishing composition comprises from about 0.05 percent by weight 
to about 15 percent by weight aluminum oxide particles. 

12. The polishing composition of claim 9 wherein the 
polishing composition comprises from about 1.0 percent by weight to 
about 10 percent by weight aluminum oxide particles. 

13. The polishing composition of claim 9 wherein the 
dispersion is an aqueous dispersion. 

14. The polishing composition of claim 9 wherein the 
dispersion is a nonaqueous dispersion. 

15. The polishing composition of claim 9 further comprising 
abrasive particles comprising silicon carbide, metal oxides other 
than aluminum oxide, metal sulfides or metal carbides. 

16. The polishing composition of claim 9 further comprising 
colloidal silica. 

17. A method for producing a collection of aluminum oxide 
particles having an average diameter from about 5 nm to about 500 
nm, the method comprising: 

flowing a molecular stream through a reaction chamber, the 
molecular stream comprising an aluminum precursor, an 
oxidizing agent, and an infrared absorber; and 

pyrolyzing the flowing molecular stream in a reaction chamber, 
where the pyrolysis is driven by heat absorbed from a 
continuous wave laser beam. 
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18. The method of claim 17 wherein the aluminum oxide 

particles have an average diameter from about 5 nm to about 100 nm. 
19 • A collection of particles comprising aluminum oxide, the 

collection of particles having an average diameter from about 5 nm 
to about 500 nm and a distribution of particle sizes such that at 
least about 95 percent of the particles have a diameter greater 
than about 40 percent of the average diameter and less than about 
160 percent of the average diameter. 

20. The collection of particles of claim 19 wherein the 
aluminum oxide has a crystalline structure of -y-Al 2 0 3 . 

21. The collection of particles of claim 19 wherein the 
collection of particles have a distribution of particle sizes such 
that at least about 99 percent of the particles have a diameter 
greater than about 40 percent of the average diameter and less than 
about 160 percent of the average diameter. 

22. The collection of particles of claim 19 wherein the 
collection of particles have a distribution of particle sizes such 
that at least about 95 percent of the particles have a diameter 
greater than about 60 percent of the average diameter and less 
than about 140 percent of the average diameter. 
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BOX AF 

Assistant Commissioner for Patents 
Washington, D.c. 20231 


I HEREBY CERTIFY THAT THIS PAPER IS 
BEING SENT BY U.S. MAIL. FIRST 
CLASS. TO THE ASSISTANT 
COMMISSIONER FOR PATENTS . 
WASHINGTON. D.C. 2Q231, THIS 
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PATIKF AilOttNtY 


I, Nobuyuki Kambe, hereby declare as follows: 


a - I am presently Vice President, Market Development at 

NanoGram Corporation. 

2 * 1 3ni a founder of NanoGram Corporation, and I have been 

a Vice President at NanoGram since it was founded in 1996- I have 
a Bachelor of Science degree and a Master of Science degree in 
Instrumentation Engineering from Keio University and a Ph.D. in 
Electrical Engineering from Massachusetts Institute of Technology 
in 1982. 

3 • Prior to my employment at NanoGram, I waB Senior Managing 

Director with the International Center for Materials Research 
(ICMR) , a consortium of prominent Japanese companies working 
jointly on the development of advanced materials ♦ My duties at 
ICMR included instituting a research and development program in 
functional polymers and a research and a program in nanopaticles, 
which was the predecessor of NanoGram. Prior to working with ICMR, 
I held several positions with Nippon Telephone and Telegraph 
including Senior Research Scientist and Senior Manager. 
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4 - I have considerable experience in advanced materials 

research and in particular on nanoparticles and nanomaterials . 
During my employment with NanoGram, I have worked closely with 
materials development at NanoGram, and I have also worked 
extensively with outside companies, consultants and academic 
researchers toward the development of particular markets and -new 
areas for research related to nanoparticles. 

5 * I am very familiar with various approaches for producing 

nanoscale particles, characterization of these particles and the 

public availability of nanoscale particles with various properties. 

A successful founder of a technology driven company working in the 

area of nanoparticles is required to have such knowledge. 

6 • I am an inventor on the above referenced patent 

application. 

7 ' 1 ^ve read all of the references cited by the patent 

Examiner in the Office Action mailed on February 29, 2000. None of 
the particle synthesis approaches described in these references is 
capable of producing nanoparticles having the narrow particle size 
distribution of the claims pending in the present patent 
application. Furthermore, I am aware of no approaches that are 
available to separate nanoscale particles having an average 
particle size less than about 500 nm to produce a collection of 
particles with the claimed narrow particle size distribution. in 
addition, since the approaches described in the cited patents are 
not capable of producing nanoparticles with narrow particle size 
distributions, a person of ordinary skill in the art would not have 
thought, as of our filing date, that the claimed collections of 
particle would be obvious over the disclosure provided in these 
references . 

8 • 1 am aware of no methods other than the process described 

in our above noted patent application for producing aluminum oxide 
nanoparticles having an average particle size less than about 500 
nm with the narrow particle size distributions specified in our 
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pending claims ♦ 

9 ■ 1 declare that all statements made herein that are of my 

own knowledge are true and that all statements that are made on 
information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine- or 
imprisonment, or both/ under Section 1001 of Title 18 of the United 
States Code and that such willful false statements may jeopardize 
the validity of the application or any patent issued thereon. * 
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■ Observation of novel phase transition in ultra-thin Au film over C film 

1970 - 1974 Keio University Tokyo, Japan 

Bachelor of Science, Instrumentation Engineering 
m Percolation model over the surface of insulators 

PROFESSIONAL EXPERIENCE 

1996 - Present NanoGram Corporation Fremont, CA 

Vice President, Market Development 

■ Identification, development and planning of new business opportunities 
for NanoGram particles 

1994 - 1996 International Center for Materials Research Kawasaki, Japan 
Senior Managing Director 

■ Creation of functional polymer R&D 

■ Creation of nanopaiticle R&D at Lexington, KY as precursor of 
NanoGram 

198 1 - 1994 Nippon Telegraph & Telephone (NTT) Tokyo, Japan 
1991 - 1994 Senior Manager at Corporate HQ 

■ Strategic corporate planning of new businesses for all NTT technologies 

■ Completion of technology management course at Japan Productivity Ctr 
1989 - 1991 Senior Research Scientist and Supervisor at Basic Res. Lab. 

■ Nonlinear optical materials: synthesis, MBE (molecular beam epitaxy) 
machine build-up, nonlinear optics measurements 

■ NTT Basic Res. Lab. Director Award 


1984 - 1989 Stuff Resamh Scientist 

■ Semiconductor superiatrice laser devices: GaAs & GaSb-type, device 
fabrication process development 

■ Layered semiconductors: GaSe & InSe-type, synthesis, MBE, electron 
diffraction and spectroscopy, TEM 

■ Total renovation of high-power x-ray lab: planning and completion of 4 
rotor-flex machine facility 

1982-1989 Rexarxh Scientist 

■ Photosensitive materials: synthesis, optical characterization, nonlinear 
optical measurements 

PATENTS AND PUBLICATIONS 

Research interests include electronic and optical properties of low 
dimensional materials, graphite intercalation compounds, MBE-grown 
semiconductor thin films and new functional polymers and nanoparticle 
ceramics. 

Ten (10) patents in nanomaterials. 

Author of twenty publications and three books. 
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PHYSICAL CONSTANTS OF INORGANIC COMPOUNDS (continued) 


Ac 

acetyl 

acc 

acetone 

acid 

acid solutions 

alk 

•■iL'*ii!ri^ col ut ions 

amorp 

amorphous 

and 

anhydrous 

aq 

aqueous 

blk 

black 

bm 

brown 

bz 

benzene 

chl 

chloroform 

col 

colorless 

cone 

concentrated 

cry 

crystals, crystal line 

cub 

cubic 

cyhex 

cyclotwxanc 

dec 

decomposes 

dil 

dilute 

diox 

dioxane 

cth 

ethyl ether 

EtOH 

ethanol 

exp 

explodes, explosive 

flam 

flammable 


LIST OF ABBREVIATIONS 

gl glass, gla^y 

o m green 
li c hydrocarbon solvents 

hex hexagonal 
hp heptane 
hx hexane 
hyd hydrate 
hye hygroscopic 
j insoluble in 

liquid 
methanol 
monoclinic 
octahedral 
orange 

orthorhombic 
organic solvents 
petroleum ether 
powder 
precipitate 
purple 
pyridine 
reacts with 
refractory 


liq 

MeOH 

mono 

octahed 

oran 

orih 

OS 

pcth 
pow 
prec 
pur 

py 

reac 
refrac 


rhom 

rhombohedral 


soluble in 

silv 

silvery 

si 

slightly soluble in 

soln 

solution 

sp 

sublimation point 

' stab 

stable 

t su bl 

sublimes 

1 temp 

temperature 

■ tetr 

tetragonal 

! thf 

tetrahydrofuran 

tol 

toluene 

! IP 

triple point 

i trans 

transition, transformation 

! trie! 

triclinic 

i 

; lr 'g 

trigonal 

1 unstab 

unstable 

j viol 

violet 

| vise 

viscous 

j vs 

very soluble in 

1 wh 

white 

I xyl 

xylene 

yd 

yellow 
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PHYSICAL CONSTANTS OF INORGANIC COMPOUNDS (continued) 


No. 

Name 
Formula 

CAS RN 
Mot. WL 

Physical Form 

mpTC 

bpTC 

Solubility — ' 

39 

Aluminum metaphosphale 

32823-06-6 
263.838 

cot powder; tetr 

*1525 
2.78 



40 

AfeO, 

1344-28-1 
101.961 


2054 
3.97 

■3000 
a.ce.f 

i H3O. os; st aflt 

41 

AKXOH) 

59.989 


3.44 

f 

i HjO: $ acid. aUc 

42 

AlfC.sH^COOJ, 

555-35-1 
793.244 

wh-yel powder 



i HjO. EtOH; s peth 

43 

AI(Ct0 4 ),-9H,0 

14452*39-2 
437.470 

wti hyg cry 

62 dec 
2.0 



44 

AIP 

57.9S6 


2550 
2.40 

a 

reac HjO 

45 


290.84 


960 
3.437 


reac HjO 

46 

AljSiOs 

12183-60-1 
162W6 

gray-gm cry 

3.145 

f 


47 

AljOj^SiCVZHjO 

1332-58-7 
253.161 


2.59 


i HjO. add. a* 

48 

Al(C„H*0,h 

637-12-7 
877.406 


113 

1.070 


i HjO. EtOH, eth; s a&t 

49 

Aluminum sulfate 
AJrfSO,), 

1004^-01-3 
342.154 


dec 1040 


s HjO; i EtOH 

50 

AySO.V18H,0 

7784-31-8 
656.429 

v-ui n\\M m t*y 

dec 86 
1.69 

( 

$HjO 

51 


150.161 


1 100 
2.02 

a 


52 

Atummuni teOuride 
AI,Te 3 

12043-29-7 
436.76 

cray-bOc hex cry 

%695 
4.5 



53 

AtCCNS), 

533-17-0 
201.233 

ye I powder 



s HjO; i EtOH, eth 

54 

. Am 

7440-35-9 
243 

s3v metal* hex or cub 

1 1 76 
12 

201 1 
a.e 

s acid 

55 

AmjOj 

12254-64-7 
534 

lan I*m>v er\t 
wi in?* 

11.77 


s acid 

56 

AmBrj 

14933-38-1 
483 

u/h fvth 
wi 1 u 1 uy 

6.85 


s H 2 0 

57 

Ameririvm(ttl) chloride 
AmCI, 

13464-46-5 
349 


wu 
5.87 



58 

AmFj 

1370a -80-0 
300 

p<n^ ire* py 

1393 
9.53 



59 

Aml 3 

13813-47-3 
624 

yei otutq cry 

•950 
6.9 



60 

Americium((V} fluoride 
AmF, 

15947-41^1 
319 

tan mooocJ cry 

7.23 



61 

AmOj 

l*UU>-Of-J 

27S 

btk cub cry 

dec >1000 
11.68 


sacid 

62 

NHj 

TfXiAA 1 7 

' DO«4-S 1 -/ 

17.031 

col gss 

-77.74 
0.747 g/L 

-33.33 
a.b.cd.e 

vs HjO; $ EtOH. eth 

63 

NH.CtH 3 0, 

631 ^1^ 
77.084 

wh hyg cry 

114 
1.073 


vsHjO 

64 

A/llfTlftfttl IfTl aflHit 

rW IHIlUIUUiIl a£lwc 

1 1 1 £ jt Oil ^ 

60.059 

ortho cry; flam 

160 
1.346 

exp 
a.e 

sHjO 

65 

Ammonium beruoate 

1863-63-4 
139.154 

wh cry or powder 

198 
1.26 


s HzO; $1 EtOH 

66 

Ammonium btmatate 

5972-71-4 
151.119 

ortho cry 

160 
1.15 


s HjO; si EtOH 

67 

Ammonium borate tetrahydrate 

12226^67-4 

7fi*t ITT 

tetr cry 



s HjO; i EtOH 

53 

Ammonium bromide 
NH 4 8r 

12124-97-9 

Q7 QA^ 

wh hyg tetr cry 

542 dec 
2.429 

396 sp 
a.e 

s H2O, EtOH, ace; si eth 

69 

Ammonium caprylate 
NH«C,H 1S 0, 

5972-76-9 
161545 

hyg monodcry 

*75 


reac HjO; $ EtOH; i chl. bz 

70 

Ammonium carbamate 
NHjCOONH, 

1111-78-0 
78.071 

cry powder 



vs HjO; s EtOH 

71 

Ammonium carbonate 
(NH.JjCO, 

506-37-6 
96.086 

col cry powder 

dec 58 



72 

Ammonium cerium(tll) sulfate 

tetrahydrate 
NHXe'SO.JHHjO 

21995-38-0- 
422.342 

monodcry 



sHjO 

73 

Ammonium cenum(IV) nitrate 
(NH^efNO,). 

16774-21-3 
548.222 

red-oran cry 



vsHjO 

74 

Ammonium chlorate 
NH.CIO, 

10192-29-7 
101.490 

wh cry 

102 exp 
1.80 


sHjO 

7S 

Ammonium chloride 
NHXI 

12125-02-9 
53.492 

col cub cry 

520 tp (dec) 
1.519 

338 sp 
a.b.e 

sHjO 

76 

Ammonium chromate 

7788-98-9 
152.071 

yelcry 

dec 185 
1.90 


s HjO; si ace. MeOH; i EtOH 
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^STRUCTURE AND PROPERTIES OP NANOPHASE TiO, 


R.W.SIEGEL,! H. HAHN< 1 > , S. RAMASAMY ( 2 > , L. ZONGQUAN* V / TING* 4 * 
rand;R. rGRONSKY* 

Materials .Science Division, Rrgonne National Laboratory, Argonhe, 
IL$60439, U;S;A. j j 

* National Center for ^Electron Microscopy, Lawrence Berkeley j 
Laboratory, University of ^California, Berkeley, California, U.S.A. 


Resume - ^Echantillons > de TlOo (rutlle) nanophase de grains ultraflns ont : ete 
synthetlses par la methode ^ae condensation dans un gaz, sulvfe ensulte par 
compaction ^en-sltu, et etudles par mlcroscople electronlque en transmission, par 
mlcrodurete de Vlckers, et par spectroscopic d 1 annihilation posltronlque en 
fonctlon de temperature de frlttage. La denslte des echantillons augraente 
rap1d§ment au-dessus de 500°C^avec seulement ^une legBre crolssancej de grains. La 
durete obtenue par^ cette methode, effectuee aux temperatures ;400-600°C plus 
basses que la temperature de frlttage conventlonnel et sans avoir besoln des 
additives de frlttage, est comparable on superleure a celle des echantillons de 
gros grains. " j 

Abstract - Ultraf1ne-gra1ned, nanophase samples of.T10 2 (rutlVe) were synthesized 
by the gas-condensation method and subsequent 1n-s1tu compaction, and then 
studied by transmission electron microscopy, Vlckers hardness measurements, and 
positron annihilation spectroscopy as a function of sintering temperature. The 
nanophase compacts denslfled rapidly above 500°C, with only a small Increase In 
grain size. The hardness values obtained by this method are comparable to or 
greater than coarser-grained compacts ,■ but at temperatures 400 to 600°C lower 
than conventional sintering temperatures and without the need for sintering aids. 


1. INTRODUCTION j 

The gas-condensation method [1-3] for the production of small particles in the 
size range of 1 to 50 nm has recently enabled the synthesis of : a new class of 
ultraflne-gralned materials by the 1n-s1tu compaction and sintering of these 
particles [4]. The resulting nanophase materials, which may contain crystalline, 
quasi crystal line, or amorphous phases, can be metals, ceramics,: or composites 
with rather different and Improved properties than normal \ coarse-grained 
poly crystal line materials. The work so far done on these new materials and their 
potential for the future have been recently reviewed [5,6]. Some advantages of 
nanophase ceramics should be: (1) Their small particle size during synthesis 
should allow for Increased sinterability at lower temperatures and smaller 
residual pore sizes owing to a combination of high driving forces and short 
diffusion distances, avoiding the need for sintering aids, (ii) The exceptional 
physical and chemical control available in the gas-condensation method lets the 
particle surfaces be maintained clean allowing subsequent high grain-boundary 
purity and thus negligible interfaclal phase formation, (iii) The large fraction 
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of atoms residing In Interfaces, almost one-half In the case of a 5 nm grain 
lll e L J?* °" f .° r neW at r 1c arrangements and thus novel and Improved ceramic 
SmEIIi*!; k SU , C P r °P er "es may Include, for example, mechanical properties 
h, 9 u 6 1m P roV , d throu 9 h Wgher grain-boundary purity and the absence of 

SpI 0 ™»H„ P „ i e rh t , here1n / r m }} 9 : a1n s1zes allowing for more efficient 
deformation mechanisms and more effective crack dissipation. 

In order to explore the feasibility of creating nanophase ceramics with such 
.IK < 2 r °, per *V eS ' u1t raf1ne-gra1ned nanophase T10 2 (rutlle) samples were 
synthesized In the present work by the gas-condensation method and then studied 

2 y / k«?! e ^« of H chn1q,,es as a funct1on of sintering temperature. The 
desirability of small and uniform particle size for obtaining quality ceramics 
?2 S o ? een „ we "documented for ceramics in general [7] and for T10, specifically 
«2h V,^ an0ph «V e cerani A c V w1 , tn the1r h1 9 h grain-boundary purity and very small 
?hl ™n Unf f0 ™ P art1c1e s, / e - are ex P ected t0 sinter at lower temperatures 
than normally available ceramics with larger particle sizes, and to exhibit 

lZX\ f d P r ° Pert,eS , [6 , ] - Consequently, for comparison with the nanophase 
samples coarser-grained samples were also synthesized from commercial powders 
and similar measurements were carried out. 

2. EXPERIMENTAL PROCEDURE 

I« JS! t J r a " M A h vad "j™ chamber used for the preparation of nanophase T10 2 by the 
gas-condensation method has been described elsewhere [6]. Titanium (99.7% pure) 
r«nOr V ?„T, t « n o^? , » a resistance-heated tungsten boat at temperatures between 
1550°C and 1650°C .Into a 0.3-0.7 kPa helium atmosphere over a period of 15 to 30 

nnVho ^iH ma f V T1 ******** fonned ^ condensation in the He-gas were deposited 
a cold-finger of the production chamber, and subsequently oxidized by the 
Introduction of about 2 kPa of oxygen Into the chamber. The particles were then 

W™^^ 1 - 4 ^^^ te -Pr ature « resu1t1 "9 1na ™>2 nanophlsr C omSc? 
of 9 m diameter by about 0.2 nn thick with a mean grain diameter of 12 nm. 

col^rT^" W '? nanophase T10?, samples were also synthesized from 

commercial T10 2 powder, which was ball-milled using N10 balls to an average grain 
tlZ «L m ' "I th , 3 n * 1am 9ra1n size of 2.5 Three samples were made 

JZL?* C °iTlf rC i 1al P0v f der - Tne f1rst was compacted at 1.4 GPa at room 
S > X Z? ^"t a " y 5 1nter1 "9 a1d ' « a d <rect comparison with the nanophase 
sample, while the] second was compacted at the same pressure, but using a 5% 
aqueous solution of polyvinyl alcohol (pva) as a sintering aid. The third sample 
:«p„M?, PaCted H at J GP a with the same pva solution, this method b^ing 
llllilill V/ 1 ,? C( l wc "»onal one for the preparation of such a ceramic. Thi 
densities of the grjeen pellets ranged from 55 to 70S of theoretical density. 

Grain-size distributions were determined In the nanophase samples by transmission 
electron microscopy (TEM) and In the coarser- grained samples by scanning 
fZlr^ micro \ co W SE ">- Ackers mlcrohardness was measured at rwm 
If™^ USln9 , |a l0 2 d °/ 15 9 and an Mentation time of 25 s, on the 
as-compacted samples and after sintering successively rfor one-half hour at 
temperatures up to 1400°C. Complementary positron, annihilation spectroscopy 
(PAS) lifetime and, Doppler-broadenlng measurements were also made in order to 
monitor sample porosity as a function of sintering up to 900°C. In addition 
n,lt r Z S0 A t 00 «i ,ectr0B microscopy (HREM) observations of grain and 
Hno thp a7« m ^ r io CtUr w/ ere u i a1s0 carried out on ? e1ected nanophase samples 
mcroscolv .m 5" 0lUt1 °r« H,cr oscope . at the National Center for Electron 
^no°^ 0py : L ! L ' ^ operating voltage of 1 MeV was chosen to provide better 
penetration , of some of the thicker particles while retaining resolution at the 
«\'Irt™„ h . 1,0 w as made to orient the Individual particles under the 

in t^rolh M : 1ns ^ ad « tne samples were scanned for large thin areas and Imaged 
in through-focus series bracketing the minimum contrast [10] condition. 
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Figure 1. Average grain size of nanophase T10 2 (rutHe) as a function of 
sintering temperature determined by TEM. The sintering anneOs were one-half 
hour 1n duration at each successive temperature. The gra1n-s1ze| distribution for 
the as-compacted sample 1s shown in the inset. j 

3. RESULTS AMD DISCUSSION 

The results of the grain-size determinations using TEM on the nanophase T10 2 as a 
function of sintering temperature are presented In Figure 1. It can be seen that 
the grain-size distribution for the as-compacted sample 1s rather narrow and 
typical of the particle-size distribution produced In the gas-condensat1on method 
[2], The distribution appears to remain unchanged by the T1 oxidation and 
subsequent compaction processes. It can also be readily seen that the average 
grain size increases very little up to about 550°C, and only rather slowly with 
sintering temperature up to about 800°C, at which temperature grain growth 
becomes fairly rapid. A similar grain-size stability against temperature has 
been found for nanocrystall ine iron with an Initial average grain size of 6 nm 
[11]. 

Figure 2 shows a high-resolution electron micrograph from a rather typical region 
of the nanophase Ti0 2 sample sintered for one-half hour at 500°C. The grains 
here are seen to be essentially equiaxed with, relatively planar boundaries. The 
grain boundaries in the as-compacted sample, on the other hand, appeared to be 
significantly less planar than this, but detailed atomic structural studies of 
these nanophase boundaries have not yet been completed. The lattice fringes seen 
in Figure 2 are those representative of the atomic planes of rutlle, as confirmed 
by both electron and X-ray diffraction patterns on all of these samples. 
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#1^7?-i 2 »** H1 9h-resoliitipn transmission electron micrograph of nanophase T10, 
™ nL.LSlfE '^"JS/or one-half hour at 500<>c. The* sample was prepared "or 

thC S,ntCred COrapaCt - *™ *™ open 


J,mr»w e l * fc ™ h ; rdn «" «»asured at room temperature is shown In Figure 3 as a 
function of sintering temperature for three different T10, (rutlle) samples the 

K"5Ei£"S£,T, 7 W avera9e 9ra1n s,2e COfflpacted " 1 4 « Pa ' 

two samples^ with 1.3 m Initial average grain size compacted at 1.4 GPa and 
orlctltino ^h„H« er Sam ^ e * P ^ pared essen » a11 y «" «cord with standard ceramic 
aid of ovV ?hf ;ocf,i, th f ° nly » ° ne J? the ," three wh1ch was s1ntered 
ova but c^nJrtt/!, l tS . IV 3 f ° urth sarap1 e P re P*™d <" a similar manner with 
?o those fT 2? i * L S P V4 re not . sh T 1n "sure 3; they are very similar 
about floor it ,Vn k^' ^i GPa Sarc i' e ' but sh1fted t0 lower temperatures by 
t£ nifnonh.'.. Tin "? ™«- d »*.w« '«» these mlcrohardness measurements that 
ta£ne»ty£? thJ n °?h 0 SlnterS ?\ f°" s, ^rably lower (between 400 and 600°C) 
™«m! ; a " th «J««re1al 1.3 m powder with the^ald of pva, yielding 
comparable or greater^ mlcrohardness . values. For reference , the Vlckers 

l&^Sft&A* , J3, 1 ? °V Ti V MSured und "- **««cil conditions i.i 

1036 ± 66-kgf/mm 4 . Preliminary fracture toughness studies on these samples made' 
by measurlnQithe crack] lengths emanating f™ m1croindeni>at1ons a hSnS?loldf 

J8S in "cSl^^^ ° r bett6r meChan,Cal P-Wrtl./ of 5!e 9 nanojha e ^ 
IrSln.i STii SOn ■!?.? the coa "er-gra1ned material and single-crystal -TIO,^ 
Iwi Llf^ 611 -, Wf l hout J * he a,d ° f P«, the commercial powders are* seen" t$i 
sinter rather poorly and exhibit Inferior mechanical properties, as expected. V™: 1 

ni th ?ho h « a PP ar - nt from the mlcrohardness measurements that denslflcatlom^ 

of the nanophase sam,le was taking place upon sintering above 500°c "pas'? 
measurements iwere also carried out In order to monitor this denslflcatlon more * 
r ct ^„ The results, which will be published elsewhere by the present authors-: 
In a more complete account of this study of nanophase T10,, show In their slmole • • 
fTaPa ci h e a rH°:i tha r° th th i C l l m ' lA GPa "anophase 2 sam P l e W and the 1 ffc 
500°C bSTtEl al ; h P ° W< ? er T p1e (see "9 ui " e 3) began denslfylng rapidly above^; 
500 C. but that the ^nanophase sample did so more rapidly with Increasing^ 
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1 **ri f iff» 


temperature than the coarser-grained sample, resulting 1n a smaller void or pore 
density at 900°C. As might have been expected, the PAS lifetime measurements, 
which are also sensitive to varying pore sizes when they hre small,! clearly 
Indicate smaller pore sizes In the nanophase sample relative to the xoarser- 
gralned sample at all the sintering temperatures -Investigated bjy PAS. j 

The Vaults 0 f these first Investigations on nanophase T10 2 Indicate that these 
compacts, although already rather well bonded on compaction at room temperature, 
denslfy rapidly above 500°C, with only a small -Increase In) grain size. The 
hardness values obtained by this method are comparable to or (greater than those 
of single-crystal TIO2 or coarser-grained compacts, but at temperatures some 400 
to 600°C lower than conventional sintering temperatures and without the need for 
sintering aids. Much work still needs to be done regarding the characterization 
of nanophase ceramics and. t£e, elucidation of their full potential. However, the 
results of this first study appear to hold considerable promise for the -future of 
nanophase ceramics. 
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Figure 3. Vickers microhardness in kgf/mm 2 of T10 2 (rutile) measured at room 
temperature as a function of one-half hour sintering at successively increased 
temperatures. Results for a nanophase sample (squares) with an initial average 
grain size of 12 nm compacted at 1.4 GPa are compared with those for coarser- 
grained compacts with 1.3 un initial average grain size sintered at 0.1 GPa with 
(diamonds) and at 1.4 GPa without (circles) the aid of polyvinyl alcohol from 
commercial powder. 
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Nanocrystalline Materials by 
Physical Vapor Synthesis 

By Ouinton Ford. Director of Marketing, mdustrial Products ' " " 

Nanophase Technologies Corp.. Burr Ridge. III. 

A CONTINUOUS PROCESS 'RAccrs ,w, ~ 


During the past decade, a great deal 
of research and development has 
been focused on fabricating and 
characterizing nanocrystalline 
materials. Within the industry 
nanocrystalline materials are commonly 
defined as crystalline materials that have 

aSLH? T?"^^ (0.1 micron). A 
22£ ^ction is made between 
nanocrystalbne materials and submicron 
crystalline materials, which have an 
average particle or grain size of less than 
1 micron. 

The relative percentage of interfacial 
atoms to total atoms in a material increas- 
es dramatically with decreasing size 
oejow ioo nanometers (see Figure 1) The 
resultant properties of nanocrystalline 
materials thus have a much greater depen- 
dence on the contributions of interfacial 
atoms (those atoms on the surface of a 
Particle or in the grain boundaries of a 
consolidated material) than submicron 
materials. Some unconventional mechan- 
>cal, chemical, electrical, optical and 
magnetic properties exhibited bv 
nanocrystalline materials are attributed to 
this greater dependence on the conoibu- 
Qons of interfacial atoms. 

PROCESSING METHODS 

A wide range of techniques have been 
developed to fabricate nanocrystalline 
materials. The most commonly practiced 
of these are gas-phase condensation, sol- 
gel chemistry, spray pyrolysis and 

with all techniques is to successfully scale 


production to commercial volumes of 
nanocrystalline materials with properties 
and economies that allow their use in 
mainstream applications. One of the first 
techniques to be so scaled, physical vapor 
synthesis, is based on the principles 
gas-phase condensation. 

In the 1980s, gas-phase condensation 
was demonstrated to be capable of fabri- 
cating a wide range of ceramic and metal- 
lic nanocrystalline particles. Gas-phase 
condensation involves the evaporation of 
precursor materials in reduced-pr^vae, 
inert environments. After evacuating a 
Jamber, inert gas is introduced to create 
the reduced-pressure environment. The 

Figure 1 


precursor material is then evaporated 
using any of a variety of energy sources 
Atoms of evaporated precursor collide 
with the cooler atoms of the inert backfill 
gas. These cooler gas atoms cause the 

!!?5?i ated precursor 10 condense and 
solidify as nanocrystalline particles of the 
precursor. If reactive gas is used for bacfc- 
instead of inert gas, the evaporated 
fsfursor and gas react, condense and 
solidify as nanocrystalline particles of the 
lormed compound. 

The cooling of the gas is caused bv 
f ™ vecd k ve that are created with- 

in the chamber by the temperature gradi- 
ent between the energy source and a 
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Figure 2 


Figure 3 
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A bay of physical vapor synthesis production machines Is readied. 



Schematic of the physical vapor synthesis technique. 


U?infl Physical Vapor Synthesis 
I^^PolisWng Shmies 

"i^^^P^^ application of physical vapor synthesis materials is as an 
for P 01 ^^ slurries used in the production of semicon- 
<W#P*?: GrtBpt trends in semiconductor design include decreasing line 
widths and increasing numbers of metal and dielectric layers. These design 
trends present significant issues during photolithography steps unless the lay- 
P^a* across xh* er.tire wafer. A process referred to as 
•IS iSfc**^ Penalization (CMP) is gaining widespread acceptance 
within the^dustry to polish the sputtered metal and dielectric layers on the 
•^%^?^f wafers to a highly planar state. 

; |^^^tecide produced by physical vapor synthesis is incorporated into 
Slupy for JJanfumng tungsten metal layers. The slurry is prepared by intro- 
ducirig the aluminum oxide powder to water, adding mechanical energy to 
break down agglomerates, and extracting particles comprising the upper end 
of the particle size distribution. Oxidizing chemicals are later blended with the 
abrasive slurry just prior to use. 

Slurry containing aluminum oxide produced by physical vapor synthesis 
has been evaluated as superior to other slurries in defectivity and micro- 
scratching of tungsten surfaces. The concurrent removal rates and uniformi- 
ties are comparable to those of other slurries. Consequently, cost of ownership 
can be lowered by the overall performance of slurry containing physical vapor 
synthesis aluminum oxide. 

Cerium oxide produced by physical vapor synthesis is currently being eval- 
uated as an additive to slurries forplanarization of dielectric layers. Such slur- 
ries generally contain silica as the sole abrasive component Initial tests indi- 
cate that adding a small percentage of cerium oxide to silica-based slurries can 
increase removal rates to four times the rates of slurries containing no cerium 
oxide. No concurrent degradation of defectivity, microscratching or uniformi- 
ty have been detected. 


cooled collection surface. These convec- 
tive currents carry the nanocrystalline 
panicles to the collection surface, where 
they are later harvested. The collection 
surface is typically the outer surface of a 
metal tube through which liquid nitrogen 
is passed. 

IMPROVING OUTPUT 

Nanocrystalline particles produced via 
gas-phase condensation are equiaxed, 
nonporous, free of residual surface chem- 
icals, and have a narrow panicle size dis- 
tribution. However, the reduced-pressure 
conditions and dependence on natural 
convection limit the technique to a low- 
rate batch process. Practically-sized sys- 
tems can produce only tens of grams of 
nanocrystalline materials per day, result- 
ing in economies that are not feasible for 
most applications. 

In the early 1990s, scientists at 
Nanophase Technologies developed a 
patented technique based on the principles 
of gas-phase condensation. This technique 
produces particles with similar attributes 
to those produced through gas-phase con- 
densation, while eliminating the need for 
reduced-pressure conditions and the 
dependence on natural convection. The 
technique, named physical vapor syn- 
thesis, operates as a continuous process 
and at significantly increased rates com- 
pared to gas phase condensation. 

A single physical vapor synthesis pro- 
duction machine is capable of delivering 
tens of kilograms of nanocrystalline 
materials per day. This provides 
economies that arc feasible for a large 


Figure 4 



Wnisalon elect™ microscopy of yttrium oxide Ceft) end aluminum oxide (right) produced by physical vapor synthesis. 



number of applications. The technique 
has already been successfully scaled to a 
production capacity exceeding 100 tons 
per year, and additional capacity can be 
added in a modular fashion as needed 
(see Figure 2). 

COOLING REQUIRED 

In physical vapor synthesis (Figure 3), 
precursor material is introduced at a con- 
trolled rate into a chamber. Within the 
chamber, a plasma arc is formed between 
a nonconsumable electrode and the con- 
sumable precursor. The precursor, typi- 
cally a high-purity metal rod, passes 
through the plasma arc and is melted and 
vaporized. 

A quench and/or reactive gas is intro- 
duced to the chamber. Atoms of evapo- 
rated precursor collide with the cooler 
atoms of the quench gas. The evaporated 
precursor condenses and solidifies as 
nanocrystalline particles of the precursor. 
If a reactive gas is also present, it reacts 
with the evaporated precursor, causing 
nanocrystalline particles of the resultant 
compound to be formed upon condensa- 
tion and solidification. 

After the nanocrystalline particles are 
solidified their temperature is still elevat- 
ed. The particles must be cooled to mini- 
mize agglomeration. Additional gas is 
turbulemly introduced to accelerate"cooI- 
ing of the particles. The gas propels the 
panicles into a collector housing. The 
collector housing contains filter media 
that allows the gas to exit but traps the 
weakly agglomerated nanocrystalline 
panicles. The nanocrystalline panicles 


Advantages of Physical 
Vapor Synthesis 

.•♦ Economical 

♦ Narrow particle size distribution 

♦ Continuous process 

♦ Particle size control 

♦ Nonporous, equiaxed particles 

♦ High-purity materials 

♦ Wide range of oxides 

collect on the filter media in the collector 
housing and are periodically harvested. 

PRODUCT CHARACTERISTICS 

Numerous nanocrystalline oxides and 
noble metals have been successfully fab- 
ricated using physical vapor synthesis. 
These include aluminum oxide, titanium 
dioxide, zinc oxide, iron oxide, cerium 
oxide, yttrium oxide, copper oxide, mag- 
nesium oxide, manganese oxide, indium- 
tin oxide, palladium, silver, gold and plat- 
inum. 

Non-noble metals are also of commer- 
cial interest in nanocrystalline form. 
However, in this size regime, the surfaces 
of these panicles are highly reactive and 
will oxidize when exposed to air. In the 
case of some metals, this oxidation caus- 
es violent combustion. Several methods 
to stabilize panicles are under develop- 
ment and arc expected to allow eventual 
commercialization of these metals. 
Additionally, fabrication of such materi- 


als as nanocrystalline carbides and 
nitrides will be attempted with modifica- 
tions to the current physical vapor syn- 
thesis practices. 

A metastable phase of a material gen- 
erally results from physical vapor synthe- 
sis due to the high process temperatures 
and rapid solidification. Particle mor- 
phologies vary with material, although 
they are commonly equiaxed. Aluminum 
oxide particles produced appear perfectly 
spherical when imaged by SEM or TEM 
(see Figure 4). 

PARTICLE SIZE CONTROL 

Physical vapor synthesis provides suf- 
ficient control to allow concurrent adjust- 
ment of the specific surface area and the 
average panicle size of production mate- 
rials. Specific surface areas can be varied 
from approximately 30 to 90 mVg as 
desired. This corresponds to average par- 
ticle sizes ranging from approximately 10 
to 100 nanometers. Based on close corre- 
lation between average panicle sizes 
measured from TEM images and calcu- 
lated from BET specific surface areas, 
physical vapor synthesis particles are vir- 
tually nonporous. 

More important than the average 
panicle size in most applications is the 
particle size distribution, specifically the 
upper end of the distribution. Physical 
vapor synthesis materials have lognor- 
mal distributions, with one endpoint at a 
few nanometers and another between 
300 and 500 nanometers (see Figure 5). 
Less than 1% of the panicles are above 
150 nanometers. 
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Figure 5 
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Volume-weighted panicle eke distribution of aluminum oxide produced by physical vapor synthesis. 


When the panicles are collected from 
physical vapor synthesis, they are weakly 
agglomerated up to tens of microns. The 
agglomerates can be broken down to the 
panicle size distributions described above 
by such techniques as ultrasonication and 


media milling. Further refinement of 
these particle size distributions is also 
possible, eliminating, panicles above a 
specific size. 

The overall purity of physical vapor 
synthesis nanocrysiatline particles 


approximates the purity of the precursor 
material. Consequently, precursors com- 
mensurate with the overall purity 
requirements of the application are used. 
Specific impurities of concern for a 
given application can be engineered to 
desired levels. 

APPLICATIONS 

Applications for oxide particles pro- 
duced by physical vapor synthesis have 
already been commercialized and include 
abrasives in polishing slurries for semi- 
conductors, anti-fungal agents for health 
care and additives to increase the wear 
resistance of polymers. Additional appli- 
cations for oxide and noble metal parti- 
cles are also being developed. These 
include transparent conductive coatings, 
precious metal catalysts and additives to 
provide various functionalities to poly- 
mers. Q 
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Nanophase Technologies Corporation is the world's leader in the development, production, and 
marketing of nanocrvstalline materials for a wide range of industrial applications. 

This web site is designed to provide information on our company, our technologies, our products, 
and applications for our nanocrvstalline materials . We hope that you will visit this site often. 


http://www.nanophase.com/HTML/Intro.html 
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Corporate History 

The origin of Nanophase can be traced back to research performed during the 1980s at Argonne 
National Laboratory, a U.S. Department of Energy facility. Interested in studying the properties of 
nanocrvstalline materials, researchers at Argonne conceived a unique process to fabricate them. This 
process, commonly referred to today as zas phase condensation, could produce small quantities of 
materials with unique characteristics. Besides their sizes being measured in nanometers, the particles 
were of high purity, had no residual surface contaminants, were spherical, and were non-porous . 

Convinced that these materials were commercially important and that gas phase condensation could 
be scaled to produce them in large quantities at reasonable cost, Argonne scientist Dr. Richard Siegel 
founded Nanophase in 1989. At that time, zas phase condensation could produce only a few grams 
of nanocrvstalline material per day at a cost of approximately $1,000 per gram. 

Several years of effort by scientists at Nanophase 
resulted in the development of a new process based 
generally on the principles of zas phase 
condensation, but with significantly improved 
fabrication rates and economies. This process, 
named Physical Vapor Synthesis (PVS) now 
allows Nanophase to produce tons of materials per 
year with costs as low as a few pennies per gram. 
PVS is patented and was recognized with an R&D 
100 Award in 1995 as one of the year's most 
technologically significant new developments. 
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NanoTek® Aluminum Oxide 

Product Code: 6100 


Molecular Formula 
Purity 

Average Particle Size 
Specific Surface Area 
Morphology 
Crystal Phase 
Distribution 
Refractive Index 
Appearance 
Bulk Density 
True Density 


A1 2 0 3 
99.5+% 

27 - 56 nm (from SSA) 
30 - 60 m 2 /g (BET) 
Spherical 
Gamma 

2 - -400 nm (by laser scattering, Horiba LA-910) 

White to off white powder 
0.10 g/cc 
3.6 g/cc 


Unit Size 
25g 
50g 
100g 
250g 
500g 
lkg 
2kg 
>2kg 


Slicing 

Price 
$19.00 
$27.00 
$39.00 
$64.00 
$85.00 
$135.00 
$200.00 
Quote 


http://www.nanophase.conT/Research_Materials/METALOXIDES/AluminumOxide.html 6/17/99 
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Physical Vapor Synthesis (PVS) 

Nanophase primarily employs its patented Physical Vapor Synthesis (PVS) process to produce 
nanocrvstalline particles. PVS utilizes a plasma to heat a selected metal precursor in open 
atmosphere. As the temperature rises, the metal's atoms boil off into a stream of flowing gas, 
creating a vapor . 

Collisions with atoms of a gas that is introduced to the process cool the metal atoms so that the vapor 
condenses into liquid molecular clusters. Cooling continues, freezing these molecular clusters into 
solid particles of nanometric size. The flowing gas transports the particles to a collection vessel. The 
presence of oxygen allows oxygen atoms to intermingle with metal atoms forming nanocrvstalline 
metal oxides such as aluminum oxide and titanium dioxide. 


THE PVS PROCESS 

A solid precursor Vfep 
material L~ fed fom 
into the process 

Jets of thermal 
energy are 
applied 


fvblecular 
clusters are 
form-id 


Reactive 
gas is added 


Nanometric 
crystal particles 
are formed 


Vapor and gas 
are cooled 


IThe resultant powder consists of weakly agglomerated particles of 
Ispherical morphology . Purity of the powders is primarily dependent 
lupon the purity of the precursor material. There are no residual 
Ichlorides or sulfides present on the surfaces of the particles as there 
lare with materials produced by certain other combustion techniques. 
IThe clean nature of these surfaces enable treatments to be applied to 
Itailor these materials for applications requiring dispersion in a variety 
|of fluids. 


pibdnced using PVS 


Nanophase developed PVS from the general principles of a process 
piown as gas phase condensation . Gas phase condensation is 
Conducted under high vacuum conditions which limit it to producing 
(research scale quantities of nanocrystalline materials. It typically 
employs a resistive heat source to generate a gas phase of the 
. precursor material. Cooling of this gas phase to cause condensation 

and freezing to form nanocrystalline particles is accomplished using a liquid-nitrogen cooled 
collection surface. The materials produced by gas phase condensation are similar in morphology 
purity, and size to those produced via PVS. 

Gas phase condensation is practiced by many research scientists around the world as a means of 
fabricating materials for their experiments. Nanophase's patented PVS process is the only known 
method by which commercial quantities of these materials can be produced. 


http://www.nanophase.com/HTML/TECHNOLOGIES/PVS.html 
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Supporting Materials 

1- CRC Handbook of Chemistry and Physics, Pages 

2. U.S. Patent 5,320,800 to Siegel et al . 

3. Siegel et al . , J. de Physique C5: Supplement 10 681-686 
(October 1988) . 

4 . Quinton Ford of Nanophase 

5. Pages from Nanophase Web Site 
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PHYSICAL CONSTANTS OF INORGANIC COMPOUNDS (continued) 


Ac acetyl 

acc acetone 

acid actd solutions 

alk alkaline solutions 

amorp amorphous 

anli - anhydrous 

aq aqueous 

blk black 

brn brown 

bz benzene 

chl chloroform 

col colorless 

cone concentrated 

cry crystals. crys ta l nne 

cub cubic 

cyhex cyclohcxanc 

dec decomposes 

dil dilute 

diox dioxane 

eth ethyl ether 

ElOH ethanol 

exp explodes, explosive 

flam flammable 


LIST OF ABBREVIATIONS 

gl glass, glassy 

gm green 

| 1C hydrocarbon solvents 

hex hexagonal 

hp heptane 

hx hexane 

hyd hydrate 

hys hygroscopic 

i insoluble in 

liq liquid 

MeOH methanol 

mono monoclinic 

octahed octahedral 

oran orange 

orth onhorhombic 

os organic solvents 

pcih petroleum ether 

pow powder 

prec precipitate 

pur purple 

py pyridine 

reac reacts with 

refrac refractory 

REFERENCES 


rliotn 

rhombohedral 

s 

soluble in 

silv 

silvery 

si 

slightly soluble in 

soln 

solution 

so 

sublimation point 

stab 

stable 

subl 

sublimes 

temp 

temperature 

tetr 

tetragonal 

thf 

tetrahydrofuran 

tot 

toluene 

m 

triple point 

trans 

transition, transformation 

tricl 

triclinic 

trig 

trigonal 

tinstab 

unstable 

viol 

violet 

vise 

viscous 

vs 

very soluble in 

wh 

white 

xyl 

xylene 

yd 

yellow 


I Phillies S L. and Pern- D.L., Handbook of Inorganic Compounds. CRC Press. Boca Raton. FL. 1995. 

3. Greenwood. N.N.. and Eamshaw. A.. Chemistry of, he Pergamon Press Oxforf. 1984. 

4 Budavari. S.. Editor. The Merck Index. Eleventh Edition. Merck & Co.. Rahway Nl. 1989. 

9. Kirk-Chmcr Concise Encyclopedia of Chemical Technology. Wiley-Imersc.ence. New York. 1983. 

10. Diaionan- of Inorganic Compounds.Chzpmm&HM.tle" York. 1992 

„. Massac.™.. Mo, Binary Phase Diagrams. American Scoety for Me.aK Met* ^ ™ , 

12 ^ndoltSo^stein.NtmKrical Daw and Functional RelationslupsmS y 

, 4 ^T^Ltica, Handbook of Physical Properties of Rocks and Minerals. CRC Press. Boca Rato, FL. .989. 
15 Dinsdale. A.T.."SGTE Data for Pure Elements". CALPHAD. IS. 317-125. 1991. 

extant 1994 (core with 4 supplements). Taylor & Francis, Bristol. PA. 
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PHYSICAL CONSTANTS OF INORGANIC COMPOUNDS (continued) 


No. 

il 

CAS RN 
MoLWL 

Physical Form 

mp/~C 
den/g cm** 

bp*"*C 
Other Data 

Solubility 

39 

Aluminum metaphospnate 

32823-06-6 
263.89S 

col powder, let/ 

«1S25 
2.78 


iHjO 

40 

Aluminum oxide 
AljO, 

1344-28-1 
101.961 

wh powder, hex 

2054 
3.97 

-3000 
a.ce.f 

i H7O. os; st aDt 

41 

Aluminum oryhydioxkJe 
AJO(OH) 

14457-64-2 
59.989 

oflhocry 

3.44 

f 

i HjO; s acid, atk 

42 

Aluminum patmitate 
AltCjHjXOO), 

555-35-1 
793.244 

wh-yel powder 



i HjO. EtOH; s peih 

43 

Aluminum per chlorate nonahydr ate 
Ai(C(0 4 )j-9HX> 

14452-39-2 
437.470 

wh hyg cry 

82 dec 
2.0 



44 

Aluminum phosphide 
AIP 

20859-73-6 
57.956 

gm or yel cub cry 

2550 
2.40 

a 

reac HjO 

45 

Aluminum selenide 
AJySe, 

1302-82-5 
290.64 

yel-brown powder 

960 
3.437 


reac HjO 

. - 

46 

Aluminum silicate 
Al^iOs 

12183-60-1 
162.046 

gray-am cry 

3.145 

f 


47 

Aluminum silicate dihydrate 
AljO,*2SiOj-2H^> 

1332-58-7 
258.161 

wh-yel powder, trid 

2.59 


i HjO. acid. aBt 

48 

Aluminum stearate 

637-12-7 
877.406 

wh powder ^ 

11s 

1.070 


i HjO. EtOH. eth; s aflc ~~ 

49 

Aluminum sutfale 

1004,-01-3 
342.154 

wh cry . 

*" dec ,1040 


s H 2 0: i EtOH 

50 

Aluminum sulfate octadecahydrale 
AySO.VISH^) 

7784-31-8 
666.429 

col mon^Sy^. ^ ' ^ 

dec 86 
1.69 

f 

sH 2 0 

51 

Aluminum sulfide 

1302-81-4 
. 150.161 

yel -gray powder 

1100 
2.02 

a 


52 

Aluminum leUurkJe 
AI 2 Te, 

12043-29-7 
436.76 

gray-blk hex cry 

*695 
4.5 



53 

Aluminum Ihocyanate 
AI(CNS) 3 

538-17-0 
201.233 

yel powder 



s HjO; i EtOH. eth 

54 

Amerrcium 
. Am 

7440-35-9 
243 

silv metal; hex or cub 

1176 
12 

2011 

a.c 

s acid 

55 

Ameficium(lll) oxide 
AmjOj 

12254-64-7 
534 

tan hex cry 

11.77 


saad 

56 

Amencium(lll) bromide 
AmBr 3 

14933-38-1 
483 

wh orthcry 

6,85 


sH 2 0 

57 

Americium{t1l) chloride 
AmClj 

13464-46-5 
349 

pink hex cry 

500 
5,87 



58 

Ameticium(l(l) fluoride 
AmFj 

13708-60-0 
300 

pink hex cry 

1393 
9.53 



59 

Americium(lll) iodide 
Ami, 

13813-47-3 
624 

yel ortho cry 

*950 
6.9 



60 

Americium(lV) fluoride 
AmF 4 

15947-41-8 
319 

lan monocl cry 

7.23 



61 

Amfif icium(IV) oxide 
AmO? 

12005-67-3 
275 

btk cub cry 

dec > 1000 
11.68 


s acid 

62 

Ammonia 
NHj 

7664-41-7 
17.031 

col gas 

-77.74 
0.747 g/l 

-33.33 
a.b.c.d.e 

vs H2O; s EtOH, eth 

63 

Ammonium acetate 

631-61-8 
77.084 

wh hyg cry 

114 
1.073 


vsH 2 0 

64 

Ammonium aztde 

12164-94-2 
60.059 

ortho cry; flam 

160 
1.346 

exp 
a.e 

SHjO 

65 

Ammonium benzoate 
NHUCtH 5 0i 

1863-63^ 
139.154 

wh cry or powder 

198 
1.26 


s HjO; si EtOH 

66 

Ammonium bimatate 
NH^OOCCHiCHfOHJCOOH 

5972-71-4 
151.119 

ortho cry 

160 
1.15 


s HjO; si EtOH 

67 

Ammonium borate tetrahydrate 

12228-87-4 
263.377 

letrcry 



s HjO; i EtOH 

38 

Ammonium bromide 
NH 4 8r 

12124-97-9 
97.943 

wh hyg tetr cry 

S42dec 
2.429 

396 sp 
a.e 

s HjO. EtOH, ace; si eth 

69 

Ammonium caprylate 
NH 4 C 8 H lS 0 2 

5972-76-9 
161.245 

hyg monocl cry 

*75 


reac H 2 0; s EtOH; t chl, bz 

70 

Ammonium carbamate 
NH,C00NH 4 

1111-78-0 
78.071 

cry powder 



vs HjO; s E10H 

71 

Ammonium carbonate 
(NH 4 > 2 CO J 

506-87-6 
96.086 

col cry powder 

dec 58 



72 

Ammonium cerium(lll) sulfate 

tetrahydrate 
Nri,Ce(S04V4H;Q 

21995-38-0- 
422.342 

monod cry 



sHjO 

73 

Ammonium cerium(IV) nitrate 
(NH^iCefNOA 

16774-21-3 
548.222 

red-oran cry 



vsHjO 

74 

Ammonium chlorate 
NH 4 C10 3 

10192-29-7 
101.490 

wh cry 

102 exp 
1.80 


sHjO 

75 

Ammonium chloride 
NH 4 C1 

12125-02-9 
53.492 

col cub cry 

520 (p (dec) 
1.519 

338 sp 
a.b.e 

sHjO 

76 

Ammonium chr ornate 

7788-98-9 
152.071 

yel cry 

dec 185 
1.90 


s HjO; si ace. MeOH; i EtOH 
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WAWrvDvcrriT f nip «™ , m It is yet mother object of the invention to provide a 

NANOCRysrALUNE CERAMIC MATERIALS novel method of producing a nanocrystallme metante 

Tc:- • „ . _ ^ material having predetermined sintering characteristics. 

llus mvmhM was rnade with Government support It » still an additioaal object of the invention to pro- 

under Contract No, W-3M09-ENG-38 awarded by the 5 vide an improved method of mechanical processing of a 

Department of Energy. The Government has certain nanocrystalline metallic material, while controlling 

nghte m this invention. mechanical properties by adjustment of grain size 

The itnvention was made with Government support I* » yet another object of the invention to provide a 

under Grant Number: NSF-DMF 8320157 awarded by method of manufacturing nanocrystalline line oxygen 

the National Science Foundation. The Government has 10 compounds for use in varistors. 

certain rights in this invention. It is stfll another object of the invention to provide 

This Is a continuation of Ser. Na 07/622,244, filed ncW fonns of nanocrystalline titanium oxide sensors. 

Dec. 4, 1990, now abandoned, and a continuation-m- Further objects and advantages of the invention to- 

part of Ser. Na 07/466,585, filed on Dec 5, 1989, now aether with the organization and manner of operation 

U.S. Pat Na 5,128,081. . ' " thereof, will become apparent from the following de- 

The present invention is generally related to methods tafled . description of the invention when taken in con- 

and products of manufacture and .use of ultrafine- j^^ction with the accompanying drawings and nonlim- 

grained, or nanocrystalline, metallic materials. More itias cxam P lcs - 

ES^S?" * • kj 01 * 0 ? h ***** t0 methods ao BRIEF DESCRIPTION OP THE DRAWINGS 

trolling the gram sizes, chemical phases produced, lev- „ . , 

ds of porosity, and the electrical, mechanical magnetic 1 ™wj form of apparatus used for produc- 

Technological Progress Is often based on the avail- u ITS^^h^^ ^ ° Pa *' ^ 
ability of new and improved materials which enable ^JSST r w 2* h for eva P°" 
increasing the performance of new DrcxJucttoTnew «> 60 Pa of helium and compacted without any 

metho^ofmaimS^^l^d^^of ^^^ a ^^ mtitaaiim ^ nted 

hav given nseto numerw possible new products and 30 phase or phases of titaniums d oxygen- and FIG.2Cis 
^r^SiSSWr^ for titanium evaporated in 500 Pa 
new materia] developments arises from the discovery of exposure to <wygen to produce rutfle- 
new chairical compounds or more sophisticated mefh- FIG. 3 illustrates Vickers microhardness of 12 om 
ods ofmanufacturmg products, such as, new methods of average grain size ruffle measured at room temperature; 
mimatuniation for use in integrated circuit manufao 35 the specimens have undergone cycles of half hour, sin! 
ture. Recently, methods have been developed for con- tering at successively higher temperatures in air open 
trollaoly producing ultrafme-grained, or nanocrystal- circles illustrate results for vacuum compacted material 
line, materials (typically, about 1-100 nm grain diame- with no exposure to air and closed circles illustrate 
ters). These new methods have made possible the pro- —suits for air compacted materials; 
duction of new materials having substantially different FIG. 4 shows nanolndenter-derived hardness of 
physical and chemical properties than the large grained, nanocrystalline (nanophase) rutfle as a function of sln- 
or single crystal, counterparts having substantially the tering temperature compared with nanoindenter hard- 
same chemical composition. Numerous traditional ness fl ° r * single crystal ruble wherein hardness is tested 
problems in areas such as ceramic materials can now be * l two sites for each sample; 

addressed using these new nanocrystalline materials to 45 HG. 5A illustrates Young's modulus data and grain 

control and modify materials properties. growth for nanocrystalline (nanophase) ruble at differ' 

It is therefore an object of the invention to Provide ent sintering temperatures and 

improved methods and products of manufacture of shows the correspondence between hard- 

nanocrystalline materials. ness Young's modulus in nanocrystalline (nano- 

It is another object of the invention to provide a 50 phase ) *»tite and single crystal rutfle; 

novel method of preparing 8 product nanocrystalline °" * A iUustr,tes tt\t sensitivities of nano- 

material using variable gas pressure atmospheres. crystalline (nanophase) ruble with the range of strain 

It is a further object of the invention to provide an I f te s *? sitivities . measured for single crystal rutfle 

improved method of manufacturing any electronic "own by the gray band, and FIG. 6B shows strain rate 

components encompassing different nanocrystalline or "f 51 "^ &ain sue in nanocrystalline (nanc- 

nanophase materials. phase) rutfle wherein gram size was determined from 

It is an additional object of the invention to provide a -15?^ °! 5 £ , 

new method of preparation and product nan«xvstaUme HO " 7A ,? hows ^ of conductivity of Pt doped 

metallic material nanocrystaUine nanocrystalline ruble and FIG. 7B illustrates the spatial 

Itbahoan object of the invention to provide new " t^^^^t^ *** 0n 

nanocrystalline and nanophase materials for magnetic wanAA^i^^.«t r ... 

materials applications. FIG. 8A shows microhardness of three representa- 

It i< ,„n»w„kj~. „r.t. ^ , .. , trve nanocrystalline Pd samples and a coarse-grained Pd 
■J^VEiZ^P ™T°V? P ?2. de n0Vel ""P^ »™ "easurement 1 is from a lowJompacted 
P U?^m ^T^^ Ma ? ACu - • «5 rim; FIG. 8B shows microhardness of two nanocS 

It is a stfll another object of the mvenbon to provide line Cu samples and a coarse-grained Cu sampled 
an improved method of usmg nanocrystalline metallic includes two traverses of one sample; low iSretnent 
materials. 1 is from a low-compacted rim; FIG. 8C shows micro- 
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o^^^^^^\ 1 ^^ i ^ ,tt laaaved ^un, oxide M, into fennel U and is 

SXEZ— f d ?ampl« versus lVd; FIO. 8D shows collected in • low pressure compaction unit 16 Tte 
^^Z? *^ ^oerystalhne Pd samples and low iressure compacting WincEaXon'^ 

b^^^ t Sut' ampl T' S ^ ea0a ^ taneal - "vaportionSO^adidesectionSrKS^ 
SnSKEL i samples w«e scaled for 100 $ *» of the iianccrystafline titanium oxide material 

SSSni ^ ^ aC0nm; ™ d *?.°- 8E Vicker * carried out by using . high pressure compaction 

ff^^WJTC&lfii " ^^to^n.o^eend' 

SertO Tn^W LSlTf^JSri /° r " lm0CryStal - Durin & typical manufacture of tuaocrystalline mate- 

FIQk££?^£?1 rials, the evaporation pressure (or the t^kground par- 

temratun >J£L ™ T t^TS ^ P"* 50 " ^ "removal" of the desired chemical 

raffed ^EP S Mnocryttallme (10 nm) Pd is species from a source) is roughly 5-30 Pa. In the case of 

Sfn^l^?;,? ^° WS * aeCp Pl0t for ConMant evaporating the titanium so^ lS, the pressure iHtou 

Eo MpSf ^tcstson.nanocrys- 10 F. whfleto helium gas prepare fa eoSStaTE 

1 U ; ra »«lect the desired phase of titanium oxide. For example, 

DETAILED DESCRIPTION OP PREFERRED in order to reliably attain the rutfle phase of n»nocrys- 
EMBODIMENTS 20 oxide m the illustrated apparatus 10, the helium 

uT^fl freremifter. "nanocrystalline" material, the helium gas pressure Is kept between about 
SSnf 1 ? ^^'^taUine^crnasicry.tallinc and 10-500 P. when coBectingSm, oTto XmSce 

rZ^fefe^^JT H v G '!, at l 01lc,,p P a ' 25 A coarse grained titanium (and uttimttdy cnti&zcd 
ratus 10 tocludes a vacuum chamber 12 wherein a vac- to ruffle) is achieved by urine helium mis ~ 

faHnv^r y ' bCU " ^ *° m T 6F&) h ^ evcd Wow about 10 Pa within to £p»s™ iT P 
^4TnolrZ n ?nfl C - nVra H^ P '^ 8 «as is rapidly btr^cTto V vacuum 

b?$xt i o 3 p/?T I£f ^ ntion 1116 y, .f ama "» chamber » «ft" evaporation of titanium in 500Pa7f 
Aft Md ^ P roduct ^ «« «till 30 helium gas pressure, the resulting oxidized phase b a 
KdtoZZt? K h ""^^ ™til< with » na£hdS5cb£ of 

™rk * *W* 16 *** selccted gases »■ about 12 nm- The powdered, imcompac^ rutfe mate- 
Kn?S 8 r' "^l 121 "* ^ (sUCh M ° Xygen ** d ^ ^ a characteristics Wuish white^l^r O^'he 
ud££^? f oxldmng and inert gases) which are other hand, as stated hereinbefore tf fehdC pressure 
tfto^cas^ u 35 the vacuum chamber 12 is between about 10^ £ 

a DD ^usTi n Trt a P ^ P Tf- ° f t, ^ Uln .» ^ M amorphous titanium oxide phase is formed. Electron 

*PP 4 f '"f,"' ln, £" y . » helmm gas atmosphere is pro- energy loss spectroscopy confirms that the amoroho™ 
2£? I oo or"™? • metaI S0Urce 18 ""erial conSns subsEntial o™ Abo ™ £neral 

in o^oir ft ^ by the «t-ium material coDected Ke cXs^aL 2ot 

nh™ o.^' f / 0rmS ° f 1,16 WventIQn ' ^ ti,a - « gray in color when using a helium gas atmosphere ores- 
SZl^L ? ( rom 8 ? urce ^ o«»cr conven- sure below about 500 Pa. This ^hVreS to fame 
SI h r f Cle ? ron * eam '. RF or before, and after oxidation whTuring^ygcn s-as 

He^r^ 8 f'^ 411 * oomP««ion Pa, the r^nocry^'mS Ktfe^phS 
device. Further, the material removed from the source 50 (for example, ruffle if the powders have b^n »«J^ 

In r B refcrr^T^rTk • ^ .u , , ^ occurred). However, if the powders are amorphous 

titln^ ct bt^ ^« alf or oxygen exposure Ae helium presTure is 

wanram can t>e oxidized to form, a nanocrystalline tita- about 10-500 Pa helium eressunL th* r«„ii T j« . h„ii, 
mum oxide material. Further, in other forms of the 53 crystalline ^uto^ 1 ?^ iif^ JT* 

»^?.uT^, 8 v . rom th , E 001(1 surfs « 20. The the powder material was exposed to oxygen orior to 

d^ndon^ln^^f 6 ^ ^ P^ 48 impaction. Powder materkKpacS^uu^ Z 

tioT?n Z^,E^ " d thech ° s *!; Pomt of oxida- the apparatus 10 without prior exposure to oxyge^co" 

mentTto^^S^Ti -"T 88 " ^ ftmher 60 ^ only crystalline titanium nVe^ with a grakri^ 

ments to be described hereinafter, various nanocrystal- of 20-50 nm. This is significantly larser than to erata 

s^biecteS [F??'*-' 11 ?' ,P ?^ roch as 10, can be size obtained if a 500 ft^Sp^eXS ifSe 

?5 n f ^ OX,dmn8 ^ospheres, such apparatus 10, even though a lower pAssu^level b 

' 0r a 10 form nanocrystalline materials. generally expected to result in > tm ,ii»r^n jj. T r 

. 9?" «^«ent nanocrystalline titanium oxide mate- 65 however" to^wler tiSl oxia^ 

Du PorT g .u T ° trademark of prior to scraping powders from to cold surface 20. the 

Du Pont Corp) removes the titanium oxide material. compacted titaniiim oxide powder materiaUndergoe, a 


ouae material made op of different phases have differ- . stantiaUy linear increase with smterinz ten^rurl 

PropatieS - FW This tread indicant T^nd eSSn 

•WeSrS E^T* gmm lf pro0eiMS are taking place even atquite loVSS" 

S^mSl «rT l ^L PbMe '. b * «»trol certain tares. Such a result is believed to be unexpecteddace 

2mStit^f?r 1Wm ^ Tlm,a 5 erp0tatca11 10 P"^« studies have indicated that dem^^geTdl 

SdSTno 1 2!^f.S f Baaocr y stom » c ***** . not begin to occur until about 600* rTrTveS^U 

n£^S2* l^Z ST? a «»»P"«m of the ahould be remembered that the first stage of ringing 

m«obudness sintering behavior of nanocrystalline involves formation of inter-particle necks wMouTa 

t^ZSuEF" W * h ^^"Potureto rir concnrrent decrease in pore volume T^aSvelJ 

prior to an initial low pressure powder compaction. Not 15 low sintering temperatures, «cbas less th^, fim- r 

2?ta? i^K tenP i'* t f r ? *f" «irconsolid«ted mate- atrength to the ceramic while «tt4tetL overS 
tbtXe S^n^T ^^. 0b ^ ed 55 8^ density. At these same temperatu^ o^r t 

S ^r^Z ThC J 8bflity to °° ntral Yo^'s nwdulus; and changes bTtrain sensitiviry^ 

SlS^l^S M hardBe » a** "ntertbflity, » 20 also observed (see FIGS. 5 aid 6) further s3hR Z 
of S5J5 t., P ^T S ^T nt ' ^ *f """"facture conclusion that tnicrostrttctnral changes ar^^S 

SeSlrSn^t^^ 1 ^ PhySi ^' EnWd diffusioa af «>cse low ten^ureTK 
.° P^P?*"- S«eh controlled confirmed by the substantially improved diffusivity of 
SilVhL^r^o^^^ 11 " pMaUm (see PIG. 7) into rJ^Slufc rS tern 

Stt;. the s ? rikce . ch = mical 23 Ptratures as low as about 150--200* C (also see Exam- 

orSi^f E££S IT"""" ° f 11,6 «* P le6 > ^^n at such low temperatures is believedto 

Ir^ZZt^ ^ by nanocrystalline material occur along the surfaces of microscopically fine pores 
SitS?" pr 2S CSsin / conditions. Such as the typically found in nanocry stal^e^ffle but hTn^ 

compaction conditions. These features enable assembly inconceivable that proceed by I 

of a component having portions with different chemical 30 similar route at tow temperatures P 
composttions and different structures. The assembled As illustrated in FIG 5 Younrt modulus does not 
STIS in 7 lve ™°f Seneric nanocrystalline reach the sing SSSf tH 

materials, such as. for example, composites of titanium that value at 900" C. sintering temw^rl The modS 

a^d d meXrvS ,m ^ m °^ rf ~ 0XideS , ^ » ™ >^SS^S^^. 

Further useful characteristics of nanocrystalline ma- " ^ev^&SLi^ 
or^Jl^ ^^"'P^ty ^ "ramie, metallic impendent measure ofStd moSuus in FlS 
SLSKf^ ™ "fi f CB,nl,le ' noncrystalline 5A and SB support the proposition that deification 
btfo^bv^ P .X5» .I* hCrCm ' prOCCSS " are indeed occfrri m a mo „ 0 tonTc ^ 

before by evaporating the titanium from resistance 40 Consequently, while densification may be occurring at 

S^^^XT'^r^'-l 650 : 0 - t-P^turJbclow eoO- C, grain^fc rSe,y 
into a 300-700 Pa hehum atmosphere. The titanium slow at these same temperatures fsce FIG 5AV and 
matenal collected on .the cold surface 20 was oxidized catastrophic, substanSS^oSS £2 noticed 

r™° ,l\ ysa ?- resuldng rutile matenal was scraped 45 powders into a substantially dense ceramic state, while 
from the co d surface 20. compacted and then sped- maintaining the mmocrystaUtoe^cle^^c^ 

hourf ' 2 «r OU ^, 4 h0UfS * 8 ^ ^ « about sixty to seventy mn at sintering temperarureiof 

Snt^.^Sf 2 k ^ T " nd VOid C for one half hour. In a convenSonal manner one 

b ff i^ . y fr^-" 8 ' 6 "^""f 4 ""- » «n utilize known relationships of time-temperature- 

2i Tt ^L^r^T,^ Ub ? m0 ?' ffNS facllit y. transformation to establish different temperaSres and 

Sical^m^l^ ttteretdegrainsoewasmthe time combinations which will avoid catastrophic grain 

typical nanometer size range. The grains were separated growth. 

by 0.5 mn boundaries which contained voids with the As shown in FIGS. 6A and «B the nanocrvstalline 

gram boundary mule having a density of about 55 rutile shows „tfemely high straSfra^n^* 

tu- » * t . eating a potential for excellent room temperature ductil- 

J^l^^l^^J^ 1 ^^: ft * Thc ^ of «train rate exhibited HoTfomoin 
mg and compacting to achieve a desired degree of mi- conventional ceramic materials. This may arfeTfor a 
cro^pic and/or atomistic denstty ranging from the as number of possible reasonTnonc or whklXit ^= 
produced state up to substantially theoretical density. 60 scope of the dahns pr^tod herder ThesTrLlri 
Su^ control allows freedom to fix for example. (1) the Wities mcIude^efJt^gSn 

tSZ!Z^ ° f h Tflf^J 2) ^ WdDeSS - (3 > ^ P^P* derived from the ^Scant LSty 

" d W wfafe area and surface (which is up to about 25% for an as compacted 5 

Properties, the and the ultrafme grain size should enhance grain bound- 
substantial increase in gram boundary surface area and 65 ary sliding activity. 

^JL?%ft^ at " nano< c ySto,line crisis also In other forms of the invention one can carry out 

^Trn, , Pr ? P ^"; S "? h V"***" "* i«- conventional chemical oxidation reactions townveri 

portant. for example, for (I) electrical and optical prop- any metal into its oxidized state. Any oxMixabl?metal 
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which can be deposited on the cold surface 20, or en- 
trained in the condensing gas, can be converted by Example 2 
generic oxidation into its oxidized form. Such generic In the case of preparation of nanocrystalline alumi- 
oxidation reactions can thus, for example, involve gas . num oxide, nanocrystalhne aluminum powders are first 
atmospheres of halogens, carfauxizmg atmospheres such 5 produced in substantially the same rnanner as titanium 
asCH4, nitriding atmospheres such as N and NH* and in Example 1, although it is unnecessary to include any 
sulphurizing atmospheres such as S or H*S. The con- helium atmosphere. After the nanocrystalline aluminum 
venuonal nature of such generic oxidation reactions is is collected on the cold surface 20, it is then annealed in 
illustrated in such texts as. College Chemistry, L Fau- 84 100 °" for at least one to two hours. This treat- 
ling, W. FL Freeman and Co., San Francisco, 1957. It ^ tnent results in transformation of the nanocrystalline 
has long been known that generic ojddation-type reac- aluminum powders (likely with a very thin oxide coat* 
tions between dements well separated on the electro- . to the thermodynamically stable alpha phase of 
negativity scale (see Linns Pauling's College Chemistry) aluminum oxide, little increase in particle size occurs 
form well bonded compounds, thus, die illustrated dl ™? * C annealmg ijrccess, and the final average 
oxidation reactions already used in s^thesizingnano. l$ P«*le size obtained k about 18 ^ 
phase ceramics are readily generalized to a wide range Example 3 

«^S^^f? fc N 'w edlh ^ , ? ,aStil r Nanocrystalline magnesium oxide has been produced 

within without departing from the Invention in. its by oxygen subsequently Introduced into the vacuum 
broader aspects. Various features of the invention are 25 chamber 12. The MgO as produced has an approximate 
defined in the following nonlimiting examples and the grab size of about 5 nm, but it has been determined not 
diums - to be pore single phase MgO due to contamination by 

cvAMPfPc sublimation of tungsten oxide phases from the tungsten 

cAAMH-tj, boat used to bold the MgO. Such a composite, how- 

Example 1 30 ever, can have well defined and desirable applications. 

Titanium dioxide has been prepared using titanium Prod ' 1 f tion of uncontammated MgO can be obtained by 
metal (99.9% purity) evaporated to form small titanium electron beam evaporation laser beam ablation 

particles which are condensed in selected helium gas iK^W ^ ^P re P aration 
atmospheres described in the specification. The tha- 3J lS2e?S«?£S K ISST* *" 
nium is collected on a cold surfaced and then oxidized atraDS P here " c forth » Example *■ 
by introducing approximately 2000 Pa oxygen rapidly Example 4 

Cha S beI ^ring coflection of the The production of nanocrystalline zinc oxygen is 
SffrV^^Wr: Similar to that of MgO. As uVthe case of MgO, ZnO hal 
toes are built up before the, materia] is oxidized and 40 > high vapor pressure at temperatures well below the 
removed, or consolidated. Once adequate material is melting point, and it is thus possible to produce nano- 
accumulated on the cold surface 20, it is wanned to crystalline powders of zinc oxides by Joule heating, 
room temperature and then spontaneously converted to Nanocrystalline zinc oxide material with grain sizes of 
titanium oxide by the oxygen atmosphere. Additional roughly 6 to 15 nm have been produced by subliming 
runs were made in which the cold surface 20 was not 45 coarse grained ZnO from graphite boats at tempera- 
warmed to room temperature, and the same results tares of 1400* C in a 10-* Pa vacuum. X-ray diffraction 
were achieved. The rate of oxygen introduction into the measurements reveal that the as produced and consoli- 
chamber has been found to play a role in the form of dated samples not only include ZnO, but some signifi- 
oxides obtained. For example, bleeding oxygen slowly cunt quantities of Zn metal are also produced. This 
into the chamber results in the formation of a mixture of 50 rcsu,t k observed even if the powder has been exposed 
rutDe and other oxides phases compared to rutile only to ox yK eo prior to compaction. In some cases only Zn is 
for rapid introduction of oxygen. Following oxidation, observed in X-ray scans, but some amorphous oxide 
the vacuum chamber 12 is evacuated again, and the phasc 8,50 ** P rcsent m the samples (chemical analysis 
titanium oxide powder is collected and consolidated has shown that these materials typically contain 40 at.% 
under various atmospheric conditions, such as vacuum 55 oxygcn ^ Annealing of the material in air at 300* C for 3 
and selectively with oxygen and/or air. The resulting ho ^ ™L bcen f j 3und to successfully convert any re- 
material has a log-normal grain size distribution with a ?*™?&*: a mc J t fL to 2x0 The «» P">*«t was exam- 
typical mean grain size of approximately 12 nm. For b y X '™y ^ac'ro'netry scans. It was noted that 
oxides of aluminum and magnesium, which are ex- w ^ K L°£5CT« ESSf" 1 V ^ 
tremely reactive with oxygen, a thin protective amor- ^S£^i £ UgUy t f a ? sfo ^ ns much 
phous coating can be formed under cSSa>!Si. Sd^afi fv^r^^^f GOm ' 
» d J%£« - P-en, complete oxidation of the Eilome^^ 1&1E£EZZ 
^S£^V^ ' T ne ?" ary * houn * «»• C (above the melting potat oT zES 
rS'sJ™ 6 t ^ hniqaC J 0 *? nanocr y jtol - 65 Md presumably the Zn is passivaid by ZnO). Other 
«rf ■ mCtiy u meta,S, 5 1 ? ^ a,uminum of producing a substantially stoichiometric 
and magnesium. These techniques will be described in ZnO using oxidizing atmospheres are set forth in Exam- 
additional examples hereinafter. pie la 
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Example 5 (100 Jim) Pd (FIG. 8A), and a doubling in hardness for 

3t^o^"iSr Mlad,,fled . ,pefr , rim, yield much lower hardness values, as sWTne 
^fT mmuremcnts * tn»gnitude of the increase in hardness of the nanocrys- 
r«^.w^^^ p ^ wae > ,B!e,,tlt tallme samples over that of the coarse-grained axmnte 

S^wK°^ ,anea ?« teBpenl - t>y uniaxial tensile tests oLthe B^mpS 

^e^^w^^ ° CfOT .? VOho 5 r, . fatlr ' The Hardness for the as«mipacted nanocrysXe 

tio^wts^^.M^!w ^ I? In «di- Bes3 determined for a set of samples polished to 025 urn 

nanccrySTrSaT F^er thT^vt^ 2* £',1?, ™ J?* ^ 0,1 ^ *** «*« GPa 

removed by the annealing operation inafc « r*v«il«5 in , 5 P * f°^\ M nm 8™ sample (1.0 ±0.09 
bythe sharing art J«5<A ,2£Z£ f^o^SS? Tf^ ^J*"*"" &r 
lines in the Raman spectrum M f^f££S£i? W t 9° ^P 16 WM <>«eniiined to 

*^ 20 be 0.45±CL04 GPa. Polishing was observed to dramati- 

Example 6 - cally reduce variance in the measured hardness without 

Pt was diffused into nanocrystalline rutile Prepared in ^feting the mean hardness, 
accordance with ExampleLAWO S ffie^was F - Pyr^rndcnters, hardness (H,) of metals is 
deposited Ivmrivon^i^LZS^SSSSt 25 SSS? tte . rda " 

200* c for two hours and then at 400* C foTanofher 600 Hf/<r C- 3, ff * e I f aU ^ etch relationship persists to 
two hours. The conducrMry oTthe lop* iufieTl££ "™«ystalbne grain sizes (d), then 
trated in FIG. 7A, and the spatial distribution of the Pt #»=tf„+wt 
m the doped rutile is clearly shown by the Rutherford 

back scattering data shown in FIG. 7B. 30 where k*, and H„«re constants. The present investiga- 

Example 7 non of <b* relationship between Victors microhardness 

Th* *nnftrafi*e in »ra • , . and crystalline size shows that (1] the increase in hard- 

The apparatus 10 shown in FIG. 1 has also been used ness as a function of d-1 is smaller for the grow of 
^£^£VT C Pd W,d ^"f" »«nocrvstalline samples alone than for coarse^med 

^1,^, ? m \ kn0Wn manner by *** « nanocrystalline samples taken together, and M &e 

£?, Z Z°*' f" t * by e ?P° ration ««*«■ ^ variance in the daU results in lS3SS£ Z 
tore and by the inert gas atmosphere pressure. The certainty in the slope, k*, (FIG. 8Q ThTbest.fit 
powder produced is compacted under M Pa uniaxial straight line through tte^U pokts S etevenlan* 
foSSH (t ^ y - 1 °7 <Pa), ? to . nn$Im P Ies Cf y s ^« Pd samSeTrwo onSy r^r^X: 
^ & ^ P«^^ *"«*«nfcal Proper- 40 samples coarsened aTlOOO' cfand for two^oafte' 

Xl n^,„?™ „!^. ™ e *"*"■«*» method « d-I.Thebest-fitstraighthflethoughonlytheium^s. 
SXS^tS^a m « sured ^« of a com- taffine data is H,=2236 MPa +2*5 (MPaVmm)T . 
EfKtl^J^TJ™ 1 ^ fr0m C% 10 »»c<rtainty in these lines due to scatter in the nano- 

.™?j£v •S^S 8 ™*? 1 Standard and were wproduc- 45 crystalline data is apparent Possibly more rehablevat 
^ d ^Tas r PlCS aVera6Cd 5-10 010 Brain size ues for H„and k^e obtained by plottmg mtan rmcrt 
v^Z^X hardness of polished samples or maximum hardness of 

J^™r% °^?T? eaS T ma } {S Were r dc on «-"nmacted samples as a function of d-l. Values of 
f^l^^^^ ««»P'« "ing aone hundred H,* k ff ,are 834 MPa, 5 MPa mm for polished, as-com- 
V^nf^t L * a Z? Sx Measurements were SO pacted samples and 755 MPa, 8 MPa mm forthe maxi- 
«n?n?A,^o^ rySt ^ mC Pd . Samp,es ' t* 0 W m«n hardness data. Mean microhardness for each of? 1 
SS^S^HSl^ P< Y°: Pd «^Pl« ranging in grain sixe from 5 to 18 nm shows 

samples. Three nanocrystalline and two coarse-grained a small apparent increase in hardness with decrease in 
fo^rxn,Z PleS f Wer tr iea,ed * V ^ UUm (°- 13 ^ grain size, but the mean of the standard d^do^ofthl 
Jw-cff^ t £ ff ^ P ^^^T ntedb y 55 ^(«JMPa)fal W ge«oughto n ^eanofthe S e 
™J~JT** 200 1 J h ™?8 h J 00 ^ Microhardness was hardness values overlap. Microhardness measurements 
^^onjmpolishedsur^ofsn»nfragments(0.2 on the two tumccrystaffine Cu samples indictee 25 
mmx2 maX4 mm), oenved from the original pellets, nm Cu is harder than the 35 nm Cu, but thesedatTtoo 
at room temperature after each anneaL The small aize of overlap statistically ^ ' 

Sf -^If d DO i penni ? grain ^ o^termination CO FaUure to define clearly the dependence of micrc- 
by X-ray duTraction after each anneal. Grain size and hardness on nanocrystalline grain she «suhs! iTr^rt 
hardness of a single sample were determined prior to from the fact tha7chang« TlitoSK TdSgond 

SJnSnT^ Va f UU ^- ■ anea ? , « L"L C for 100 '"^ due t0 ^ ^related haronS dOTerencl are 
Hnt^," ? ^ hlrdness ^8= «»d of the same order of magnitude as the unceirafote to 

gram growth due to annealmg. « the measurements. For example, a Vickers hardness of ■ 

MtCTohardness^ results on as<ompacted palladium 4.9 GPa results in a diago J length of « 19.1 urn. A 
HS^Tr a p *? urfod mcrease » 'or ten hardness of 3.4 GPa corresponds toa diagonal leng^ of 

nanocrystalline Pd samples compared to coarse-grained =23.0 urn. Processing flaws much larger than the mean 
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'^^Au^^i^ ™?^y - very little At higher tcm^turcs a decrease la hard- 
uet TTi e SlS^?^ ^ gC ^ g ^ness val. ness is interprct^to be the effect of grain growS. 

itxength, so the lo wefim«^Sry ^> cTush £ prop- 5 ^^«^ c T^^Jf W ? M ^ ^ 
agate such flaws win tend to r^S^e^ K £ C mcan microI ™kff data with annealing 

sample. Hardness values ^JZJ^ ^ TZXS^**- * 

•pan . very large range. Tne maximum ^T^Y of hardness, which mask 

GPa) could represent the hardne^oKvety ^ZlT^Ji %S»?" J^ 1 *^ 
flaw-frec material; the lower hardness (^Z45 OPa) 6f 10 T^ZS"?** by microsfructural processing flaws 
flaw-rich material Tnus, the measured b^ sSnk ^control the upper Hinit of hardness of the samples 
hardness could be much lower than the hardness due to J?2L ***** ? which grain size becomes comparable 
grain size reduction. However, ultiniatehwS mav to ^J* B M P**** 1 ' decreases 
be partly ameliorated by inherent softening due to grain *° location core diameters, "nor- 

boundary sliding. *^ 1$ ™F dislocation processes responsible for HaH-Petch 

Microhardness also was investigated as a function of f* 0 ? k grains no lon « cr operate, or that grain 
annealing temperature, and results are shown graphi- ^imdaiy sliding becomes active. 
caUy in FIG. BD. Two nanocrystalline Pd samples EnmnV 8 

show small mean hardness drops during the initial 20CT T . , H P 

C anneal. However, the standard samples and the third 20 . , , of tcnfiJc ttxc ^ creep properties, 

nanocrystalline sample do not change mean hardness in wu ?« al tensiIe tests and constant load creep tests were 

this range, and hardness variation is large. Mean hard- I*" 0 " 11 ** at room temperature on nanocxyst-iline Pd 

ness of nanocrystalline Pd decreases slowly for temper- prcparcd 1° apparatus 10. It is know that metals with 

attires between 200 (0.26 T*) and 700* C (0.53 T m ), mcan in the micrometer size range show a 

then declines rapidly at a rate of approximately —50 25 wcU " < k fined dependence of yield stress and flow stress 

MPa/100' C, as determined by the average slope of the ° n gra5a For found to 'allow the Hall-Petch rela- 

mean H, vs temperature data for three samples. The tion ' 

S^.^ sam P lcs decrease in hardness slowly between LJt . 

300* Cand 600* C, then show little change. The stan- 

dard deviation in the hardness measurements of the 30 u 

nanocrystalline samples is much larger than that of the . b the fnctlon rtr «*. and k is a constant repre- 

standard grain size samples. For a sample annealed in strc ^ to propagate dislocation activity into 

vacuum only at 500* C for 100 minutes the mean grain ? adjaccnt At low homologous temperatures, 

size increased from 8 to 1 8 nm while microhardness was C6b\c relation for the creep rate «. * 

3.1 ±0.3 GPa and 3.0±0.6 GPa, respectively. Grains 35 

observed optically after the 1000' C heat treatment • mhd 6 

range widely in size with a mcan value of approximately C ° <PkT 

16 um. The hardness data for the samples in FIG. 8D 

SfieS^fW 0nIy at 50 °* C ^^ft" * vcs the predominant diffusion** creep rate, where B is 

^ nC !' d fi rcasc corresponds to grain 40 a constant, a is applied stress, B is the boundary thick- 
coarsening. Further, this effect o^urs mainly above 0.5 ness, n is the atomic volume, and D b is thetoundary 
The mnar^nt Hmn i« ^ v ~i ^ diffusion coefficient Thus, in nanocrystalline materials 

"PP^ 1 » mean hardness from the as- creep rates are enhanced by a factor of 10* over those 
S^ir^ ^ thC 200 ' ^ ^ ^ the two for micrometer grain size Jnt^nS^SS^ 
Tut^t'iT^^^ fr ° m * C 45 * difMvi * in^ocrystalm^ 

sbce li^^t^ w * - C0I 5 ,aCti0n P roccss > ^ boundary value would further enhance the creep 
since large internal stresses resulting from compaction rate. reep 

Nanocrystalline Pd samples (5-10 ammin size) ev«l me «^. fa ^ yl * phUu,1 * tc - & VC densities 

fore show * surprising four fold increase m hvillL * ""^ , were fP r(><Jucible 

over coarscgrabed samples (100 H^lS m^Tv £2^^W P^. to "«d«Wtat. 

line Cu samples (25-35 am) Ukewise show awtite m. ZL- X ele f nc f uchM ?f machinmg dogbone-shaped 

prising doublingof lurdness o^wars^^med 0,^0 ? l™ 8 Wth «» u 8 e Mctions of2 - 3 ' 5 «^ 

M m). Increases ta yield »S^rfS?SS5S2 « *$**![ ^^MrtaptioMdaoe 

were found in tensfle tests ontte sametampto ^ITlw!^?^!^ btt tt u e . r nO0nt of P 01 ^* 

When microhardness data are pIottedlK d-» a !, with the sample thickness. Samples were 

much flatter slope is found for riiocmtaKmiDiM ^f 3 " ™ a ^Pf 1 ^ m ***** tension using 

alone than for coarse-grained and SrSnTsam! ^ 011 ' f^turiied serv<«lectric test appa- 

ples combined. Study of JcSmSSSmSS 65 f^^^^T",^^^^^ 

fag temperature suggests that grafagTowA k ^-^«I*«ty«o^ceU to monitor load provided 

the rumocrystaUke'stmples up to a tfmpmj I o7a£ ? ' iES?"" ^ SOn f ce »« n , <I ! n LVDTwitha0.I3 

proximately 0.5 T*. since mean microhardness ehu£ nTnito o 5 ^ ^ """^ 10 
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»ture creep tot. (FIGS. 9C D) obs^k ofZl <» ""octystaBme copper, 
crystalline PU. For comparison, tensfle test is reported Example 9 

L°^^ ' Nanoc^ 

fectedby*cl^esiz«oft^ to Ex^mpk 3 except a mixture of helium and oxygen 

sample thickness and width, while the iianocrwtaffine ^ vacmm chmbcr 11 ^ M «° 

ample tests give bulk-sample properties. The strain rate 5 ? bluncd ^ * boat with a base vacuum of 

for an tensile test samples was approximately 10 Ut 1 toxr ' ^ ^ap**** 1 " °* the boat was about 
2x10- Vs. FIG. 9A shows results of tensile tests on a 1600M75 °* C, and the oxygen partial pressure was 
sample with a mean grain size of 7 mn and a coarse- ■bout 6O-70 Pa and the helium pressure was about 650 
grained sample. The nanocrystallinc sample was pol- I)u ™5 evaporation, approximately 3 to 250 Pa 

ished using 6 fun silicon carbide to a thickness of 165 °* ox y«cn was injected every few minutes. The fully 
U4n; the coarse-grained sample was polished to a thick- is °ridized MgO which had accumulated on the cold 
°^ 230 A*™ using 1 Mm silicon carbide. The-apparent surface 20 was then scraped and material collected in 
2% offset yield stress of the 7 nm Pd sample is five times vacuum chamber 12 at about 7x 10-* torn In order 

larger than that of the coarse-grained sample. The nano- to insure correct MgO stoichiometry an additional 6500 
crystalline sample failed at a strain of 1.75% while the Pa of oxygen was quickly injected, and this resulted in 
^ e s 7 c «^ m f d ""Pk f d T n ,°l fail Wo « ceding the 20 a strong exothermic reaction evidenced by a noticeable 
SSE^ T °/^ L ^? T - FraCtUrC optical flash. In preparation of another nLocrSSc 

crystallme sample of FIG. 9A occurred on an inclined MgC specimen, thelprocedure was sutoS7 the 
^"n^l^Jl^^ led^e, In sa£ex^rscra^ 
KS^fc ^ „ £ d **« ^P-tion, tne powder 

with 0.25 M m cjamondpaste to a tmcLsTofWu^ IT C * I * sc * l t0 02 ^ samc 8^ exothermic reac 
reducing the size of the ^LulgSwow tho^b S^T* *T d ^ 0f Kght Xra * 

the previous sample. The sample hi FIG. 9B showed no f^** 0 * ^« Aowed the resulting products in 
indication of yielding up to 330 MPa, the maximum £ S^f Mg ° ^ 50010 WO * contamination, 
capacity of the machine. The results in FIGS. 9A and B 30 u contamination can be removed by use of 

show the large increase in yield strength for nanocrys- , r morc focuscd evaporation techniques, such as 
talline Pd samples relative to coarse-grained Pd. They iascr aWatfo » of MgO. 
also indicate a strong flaw size sensitivity, typical of Fjtflmnlfl Jn 

many strong materials. Comparison of FIGS. 9A and B ™mpie iu 

suggest that the yield stress for the 7 nm nanocrystalline 35 Additional nanocrystallinc zinc oxygen specimens 
sample is the critical stress for crack propagation and wcrc Prepared in a manner similar to Example 4, but an 
thus is an apparent yield stress. A large increase in hard- oxidizing gas pressure (O2) was added to enhance the 
ness and a significant flaw sensitivity were also found in formation of stoichiometric ZnO. After collecting the 
previous microhardness tests on these same samples. iianocrystalline zinc oxygen compound on the cold 
The experimental values of Young's modulus for the 40 surface 22, 1300 Pa of Q2 was let into the vacuum cham- 
three tensile samples vary from sample to sample and ber 12. The collected material changed from a black to 
^J^^^^^^^^KQTlQWi. In a gray color. Precompaction of a pellet was quite sue- 
addition to the usual inaccuracy in measurement of this cessful using the low pressure compaction unit 26. The 

Calculations using knowTdata of Aedifiusion (Co- £2* r-w irS? J*** °? ***** duria « subU l 
ble) creep rate for 10 nm grain size Cu pS aX nation (about 100 Pa every ten mmutes over the half 
sion creep rate at 298K imder TstrS KiR 50 of ^"f 0 * of ™ «W* The collected mate- 
£lXlO-Vs.Tomvesti^ * «f *« * J" tan black to gray m color. Vari- 

ble diffusional creep in iianocrystalline Pd, room tern- f °! t theSC 03udttin S atmospheres were used, includ- 
perature creep tests were performed. A 10 nm grain size smaller amounts of 13 Pa of Oj every five ten min- 

sample was polished to a gage thickness of 450 Mm using utcs formation of gray zinc oxide material with 

0.25 jim diamond paste prior to tensile testing. The 55 no oolor change when about 4000 Pa of Oj was let into 
sample was placed under a constant stress of 130 MPa vacuum chamber at the end of the run. 

for a duration of 17.9 hours. Temperature was not moni- ~ _ . 

tored, but it is unlikely to have varied by more than a trample 1 1 

few degrees during the test The creep rate measured is Nanocrystalline AI2Q3 has also been produced using 
1.4X10-V&, and data for the test are shown in FIG. 60 "mixture of Oj and helium during collection of material 
9C A second creep test on the same nanocrystalline Pd 011 cold surface 20 of the apparatus 10. During evap- 
sample is shown in FIG. 9D. This test was nin using a oration of aluminum from a BN boat the temperature 
load of 148 MPa for a duration of 18.2 hours. The creep ranged from about 1000* C. to 1 100* C, the helium gas 
rate measured in the second test is 7.3 X 10- Vs. Both pressure was at about 600 Pa and the Oj pressure was 
creep rates are near the resolution of the test equipment. 65 about 200 Pa. The resulting material collected on the 
The observed creep rate of this Pd sample is three or- cold surface 20 was scraped, and it was determined by 
ders of magnitude smaller than that which might have X-ray diffraction to be a substantial amount of alumi- 
been expected on the basis of conventional data. Negli- nam remained unconverted to A1 2 0 3 


15 

Exunplc 12 

MgO was prepared in substantially the same way as 
in Example 9, but the Qj pressure was maintained at 
about 260 Pa and helium at 650 Pa throughout sublima- 
tion. The temperature of the source MgO material was 
maintained at about 1600-1700* C with, tungsten boat 
about 100M50" C hotter than the MgO source. A 
raLction did occur between MgO and WO x forming 
MgO/WOjc compound with no evidence of insufficient 
oxygen (X-ray diffraction results). 

Example 13 

NanocrystaHine Si was prepared by evaporating by 
Joule heating at about 1500^1600* C electronics grade 
Si from a W boat Helium pressures in the vacuum 
cW>erof550Paand 13 Pa were used in two runs. 
Initially the materials collected on the cold surface 20 
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10 


15 


appeared lighter orange at thin layers, chanrincr to ,n ?. 0(1 as ,^ cfincd m 2 wherein said 

orange and Sen black for 12 J^IWJ! * includes sill- 


orange and then black for thicker deposits. The Si pre- 
pared at higher pressure helium underwent an exother 


mic reaction (light flash) when exposed to oxygen but 
none occurred for the lower helium pressure run. 
We claim: 

1 A method of preparing a treated nanocrystalline 
metallic material* comprising the steps of: 

providing a starting nanocrystalline metallic material 
having a mean grain sire less than about 35 am; 

compacting said starting nanocrystalline metallic 
material in a selected inert atmosphere, said com- 
pacted metallic material having the mean grain size 
less than about 35 mm and 

annealing said compacted metallic material at a tem- 
perature less than about one-half of the melting 
point of said tw^iife material. 

2. The method as defined in claim 1 wherein said 
nanocrystalline metallic material is selected from the 
group consisting essentially of noble metals, transition 
metals and mixtures thereof. 

3. The method as defined in claim 2 wherein said 


con as an additive thereto. 
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Resume - ^Echantl lions ^ de TlOo (rutlle) nanophase de grains ultraflns ont ete 
synthetlses par la methode ^de condensation dans un gaz, sulvfe ensulte par 
compactlon^en-sltu, et etudles par mlcroscople electronlque en transmission, par 
mlcrodurete de Vlckers, et par spectroscopy d' annihilation posltronlque en 
fonctlon de temperature de frlttage. La denslte des echan til Ions augraente 
rapldement au-dessus de 500°C^avec seul ement ^une legSre crolssancej de grains. La 
durete obtenue par^ cette methode, effectuee aux temperatures j400-6O0°C plus 
basses que la temperature de frlttage conventlonnel et sans avoir besoln des 
additives de frlttage, est comparable on superieure a celle des echantlllons de 
gros grains. 

! 

Abstract - Ul traf 1ne-gra1ned, nanophase samples of T10 2 (rutlle) were synthesized 
by the gas-condensat1on method and subsequent 1n-s1tu compaction, and then 
studied by transmission electron microscopy, Vlckers hardness measurements, and 
positron annihilation spectroscopy as a function of sintering temperature. The 
nanophase compacts denslfled rapidly above 500°C, with only a small Increase In 
grain size. The hardness values obtained by this method are comparable- to or 
greater than coarser-grained compacts, . but at temperatures 400 to 600°C lower 
than conventional sintering temperatures and without the need for sintering aids. 

i 

1. INTRODUCTION j 

The gas-condensat1on method [1-3] for the production of small particles In the 
size range of 1 to 50 nm has recently enabled the synthesis of a new class of 
ultraflne-gralned materials by the 1n-s1tu compaction and sintering of these 
particles [4], The resulting nanophase materials, which may contain crystalline, 
quaslcrystalUne, or amorphous phases, can be metals, ceramics,: or composites 
with rather different and Improved properties than normal \ coarse-grained 
polycrystalline materials. The work so far done on these new materials and their 
potential for the future have been recently reviewed [5,6]. Some advantages of 
nanophase ceramics should be: (1) Their small particle size during synthesis 
should allow for increased slnterability at lower temperatures and smaller 
residual pore sizes owing to a combination of high driving forces and short 
diffusion distances, avoiding the need for sintering aids, (ii) The exceptional 
physical and chemical control available in the gas-condensation method lets the 
particle surfaces be maintained clean allowing subsequent high grain-boundary 
purity and thus negligible interfaclal phase formation, (ili) The large fraction 
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of atoms residing In Interfaces, almost one-half In the case of a 5 cm oraln 
size, may allow for new atomic arrangements and thus novel and Improved ceramic' 
whTh JinU h. SU , Ch p Tl les »»y ^dude. for example, mechanlcaT proxies 
which might be Improved through higher grain-boundary purity and the absence of 

H B ^!« PHaSeS u t « here1n or sma11 9 ra,n siMS allowing for n»re efficient 
deformation mechanisms and more effective crack dissipation. erricient 

In order to explore the feasibility of creating nanophase ceramics with such 
improved properties, ultraflne-gralned nanophase T10, (rutlle) samples wre 

11 TnrLu 2* ESS* * ^ 9"r condensat1on nithod and "tudTed 
L a „ h ety ° f techniques as a function of sintering temperature. The 
desirability of small and uniform particle size for obtaining quality ce ram « 
rn%l H ^ 1 K d0CUmente 1 d for "ramies L" general [7] and for T10, . specify 
Ini 9] - ,, Nano P h "e ceramics, with their high grain-boundary purity and very sma 1 
and rather uniform particle size, are expected to sinter* at owe S 
than normally available ceramics with larger particle sizes and to exhibit 
improved properties [6]. Consequently, for comparison with the nanShlw 

In? ?™il/r° arSer - 9ra1 ? d San,plCS wre a1so synthesized from colercial SSer^ 
and similar measurements were carried out. fu«™er 5 

2. EXPERIMENTAL PROCEDURE 

2t ll a „l« Va6 T , ch J unbe J' used for the preparation of nanophase T10 2 by the 
« e »t" t ion method has been described elsewhere [6]. TitaSlum (99.?S pure) 

iVs^ re „ s, , st n an , ce : neated tu "9 sten boat «t temperatures between 

1550 C and 1650°C ,1nto a 0.3-0.7 kPa helium atmosphere over a period of 15 to30 

«1 «.. r«iH ma fV T1 P« rt i eles f0rn,ed by condensation In the He-gas were deposited 
"Id-finger of the production chamber, and subsequently oxidized by the 

callt^Z °, f / b r° D Ut l kPa of oxy 9 en int0 the chamber. The particles were then 
o?T™ Ll^V'Vl?? ten, Pr ature ' ««u»t1ng In'aTioJ nanophasrcompact 
of 9 nri diameter bjr about 0.2 run thick with a mean grain diameter of 12 m. 

rnl a ^i ar i!S" w ^ n the "anophase T10?, samples were also synthesized from 
commercial T10 2 powder Which was ball -..filed using N10 balls to an average graft 
fr™ fM« J*' "I th ! 8 ma ? 1mum gra1n s1ze of 2 - 5 X"- Three samples were made 
^r!t.t a C Tu erC i la1 p(M ? der - Tne f1rst was compacted at 1.4 GPa at room 
sZl ? any * 1nter1 "9 a<d, as a direct comparison with the nanophlSe 

sample, while the I second was compacted at the same pressure but uslna a if 
aqueous solution of polyvinyl alcohol (pva) as a sintering aH? ' The i thlrd'sinS 

««n?X Vhe^kntlona, WUh ^'.t™ pVd solution, ihll niSnoJ betg 
rf!n!?;!fe I, iL c g nven t*°nal one for the preparation of such a ceramic. The 
densities of the grjeen pellets ranged from 55 to 70* of ,theoret1cal density. 

ella^on^mfcro^ov'TT™) 6 ™ ^T^V' 1 nan ° ph " e Saraples by transmission 
1 ""croscopy ITEM) , and 1n the coarser-grained samples by scanning 

tlnn^,;^ Cr ° S 4 C0Py SE 1 K V1ckers ^crohardness was measured at room 
aTSr^H c Si "^ a l0a . d °/ 15 9 and an ^dentation time of 25 s, on "he 
as-compacted samples and after sintering successively vfor one-half hour at 

n ™°? C \ C T P l menUry P ° s1tron annihilation spectr^scojy 
mentor ItnrZ H OoPPler-broadenlng measurements were also made in order to 
monitor sample porbslty as a function of sintering up to 900°C. In addition 
high-resolution e ectron microscopy (HREM) observations of qraln and 
grain-boundary structures were also carried out on selected nanophase samnles 
using the Atomic (Resolution Microscope . at th 3 National Center fo • E ectron 
SineTra??^ *f " ! An °Pf at1n 9 voltage of 1 MeV was chosen to provide beSe? 
0 if 1 \ZJ « tMclcer P art 1cles while retaining resolution at the 

SiectrTn beam-' In^fTo"" "?* *° 0Hent ^ ^dividual particles under tte 
electron beam, Instead, the samples were scanned for large thin areas and Imaaed 
In through-focus series bracketing the minimum contrast [10] condltTon. 9 
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Figure 1. Average grain size of nanophase T10 2 (rutlle) as a function of 
*<-tc. ing temperature determined by TEM. The sintering anneajls were one-half 
hour 1n duration at each successive temperature. The grain-size distribution for 
the as-compacted sample 1s shown In the Inset. 


3. RESULTS AND DISCUSSION 

The results of the gra1n-s1ze determinations using TEM on the nanophase T10 2 as a 
function of sintering temperature are presented In Figure 1. It can be seen that 
the grain-size distribution for the as-compacted sample is rather narrow and 
typical of the particle-size distribution produced 1n the gas-condensation method 
[21. The distribution appears to remain unchanged by the Ti oxidation and 
subsequent compaction processes. It can also be readily seen that the average 
grain size increases very little up to about 550°C, and only rather slowly with 
sintering temperature up to about 800°C, at which temperature grain growth 
becomes fairly rapid. A similar grain-size stability against temperature has 
been found for nanocrystalline iron with an Initial average grain size of 6 nm 
[111. 

Figure 2 shows a high-resolution electron micrograph from a rather typical region 
of the nanophase Ti0 2 sample sintered for one-half hour at 500°C. The grains 
here are seen to be essentially equiaxed with relatively planar boundaries. The 
grain boundaries in the as-compacted sample, on the other hand, appeared to be 
significantly less planar than this, but detailed atomic structural studies of 
these nanophase boundaries have not yet been completed. The lattice fringes seen 
in Figure 2 are those representative of the atomic planes of rutile, as confirmed 
by both electron and X-ray diffraction patterns on all of these samples. 
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V^J\ft^ 9 ^ S °}^ n tran i n,1 , s / 1on elec tron micrograph of nanophase T10, 
Ii!L^M« k * " 9 . f ° r one - half hour 5000c. The sample was prepared for 


wtW^f P, ! c ™ hardn t ss ««ure<l at room temperature is shown. In Figure 3 as a 
function of sintering temperature for three different T10, (rutlle) samples the 

z 7s^e\ im : t e h w 1 th , t <r<v al avera9e grain size 2 1 rip": ss 

tw samples with 1.3 :|n initial average grain size compacted at 1.4 GPa and 
niacin. J? 6 ' Samp1e ' P re P flred essentially in accord with standard ceramic 
processing methods, was the only one of these three which was sintered with the 

pva b U t PV C a om Da T rrL reS t- 'a lV " f ° Urth Smp} * prepared in a * MUr ™nnerw1 h 
E Vh«« c ° n,pa " ed f •* GPa, are not shown In Figure 3; they are very similar 

Sou? lW ?t rVn 3 h^' °^i GPa bUt Sh,fted t0 lower temperatures S 

III nanooha'se Tin cf ™ ad,1 >', seen {«* these nrtcrohardness measurements that 
we nanophase T10? sinters at considerably lower (between 400 and 600°Cl 

C oZar a h t r S „ than %J C0 Trc1al P° wder with W S o r pV a, y1e?Sing 

comparable or greatei^ ml crohardness . values. For reference the Vlckers 

SS"?a*rfi& - *J"3if r y$ta J of "0, measured under TdSSSf co dltls 1 ;., 
1036 ± 66 *gf/vm'. Preliminary fracture 'toughness studies on these samples made 

LeTto "ShST ■-»■«■•. f ™ "Icrc-indentatlons a hffi • io™*!* 

?iS! In JSHEJ*** I ll 8r or be * ter ««chan1cal propertied of the • nanophasel.i : 
TiO, In comparison wl :h the coarser-grained material and single-crvstal T10. if : 
ontlr'i^hc^ 11 -, W r rt i the a,d » f P»«."the cohere"? powders are* se en Wi 
sinter rather poorly and exhibit Inferior mechanical properties, as expected. "'••!.! 

Jl th 22 h J* * e K T appars , nt from the "rtc^hardness' measurements that denslflcationl^ 
2l™ ♦ ° P a " ? amt1e was taMn 9 P lace ' "PP" sintering above 500°C -PAS 
w?«^^ ent T, Were a ,\ so ca J7 1ed out 1n order t6 "^tor this densiflcatlon^moVe 
directly. The results, which will be published elsewhere by the present authors ! ' 

Co-stTte 6 be°h m a P for' ^E^V**, °t r° pha$e T10 2« sh °" ^ ^rt-"' X ' 
14 rV. that J b th th , e l ? nra ' 1>4 GPa wophase sample and the 1.3 ^,-;- 

5O0O C hu? th^l ; P 0 ° - 6r S f p,e < se e figure 3) began denslfying rapidly, above' 
500 C, but that the nanophase sample did so more rapidly with 'Increasing 


*3* 


.-. temperature than the coarser-grained sample, resulting In a smaller void or pore 
density at 900°C. As. might have been expected, the PAS lifetime measurements, 
which are also sensitive to varying pore sizes when they hre small ,i clearly 
r Indicate smaller pore sizes 1n the nanophase sample relative to the Icoarser- 
.^grained sample at all the sintering temperatures - Investigated by PJS. j 

The results of these first Investigations on nanophase T10 2 Indicate that these 
compacts, although already rather well bonded on compaction at room temperature, 


grain size. The 
greater than those 


denslfy rapidly above . 500°C, with only a small Increase 1n 
hardness values obtained by this method are comparable to or ( _ 
of single-crystal T10 2 or coarser-grained compacts, but at temperatures some 400 
to 600°C lower than conventional sintering temperatures and without the need for 
sintering aids. Much work still needs to be done regarding the characterization 
of nanophase ceramics and tju* elucidation of their full potential. However, the 
results of this first study appear to hold considerable promise for the future of 
nanophase ceramics 
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Figure 3. Vickers mlcrohardness in kgf/mm 2 of Ti0 2 (rutile) measured at room 
temperature as a function of one-half hour sintering at successively increased 
temperatures. Results for a nanophase sample (squares) with an initial average 
grain size of 12 nm compacted at 1.4 GPa are compared with those for coarser- 
grained compacts with 1.3 \fn initial average grain size sintered at 0.1 GPa with 
(diamonds) and at 1.4 GPa without (circles) the aid of polyvinyl alcohol from 
commercial powder. 
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Nanocrystalline Materials by 
Physical Vapor Synthesis 

By Quinton Ford. Director of Meeting. Indus t ria , Products " ■ 

Nanophase Technologies Corp., Burr Ridge, III. 

A CONTINUOUS PROrpce'DAc^ 


Dunng the past decade, a great deal 
of research and development has 
been focused on fabricating and 
characterizing nanocrystalline 
materials. Within the industry 
nanoorystalline materials are commonly 
defined as crystalline materials that have 

SlffJvf or «»» «** of Jess 

ftan 100 nanometers (0.1 micron). A 
deliberate distinction is made between 
nanocrystalline materials and submicron 
crystalline materials, which have an 
average particle or grain size of less than 
1 micron. 

at J?< e , rt r ff, Ve l*"* 1 "^ ^ interfacial 
atoms to total atoms in a material increas- 

" dra /^ ncaJly with decreasing size 
below 100 nanometers (see Figure 1). The 
resultant properties of nanocrystalline 
materials thus have a much greater depen- 
dence on the contributions of interfacial 
atoms (those atoms on the surface of a 
Particle or in the grain boundaries of a 

SSSf" 1 ? materiaJ) 10811 submicron 
materials. Some unconventional mechan- 
ical, chemical, electrical, optical and 
magnetic properties exhibited by 
nanocrystalline materials are attributed to 
this greater dependence on the contribu- 
tions of interfacial atoms. 

PROCESSING METHODS 

A wide range of techniques have been 

?? I ^ ed ^° ftWcate nanocrystalline 
materials. The most commonly practiced 
of these are gas-phase condensation, sol- 

ffiffT 1 - ^^S- The challenge 
with all techniques is to successfully scale 


production to commercial volumes of 
nanocrystalhne materials with properties 
and economies that allow their use in 
mainstream applications. One of the first 
techniques to be so scaled, physical vapor 
synthesis, is based on the principles 
gas-phase condensation. 

In the 1980s, gas-phase condensation 
was demonstrated to be capable of fabri- 
eating a wide range of ceramic and metal- 
lic nanocrystalhne particles. Gas-phase 
condensation involves the evaporation of 
precursor materials in reduced-pressure, 
inert environments. After evacuating a 
Jamber, inert gas is introduced to create 
the reduced-pressure environment. The 


Figure 1 


precursor material is then evaporated 
using any of a variety of energy sources 
A»ms of evaporated precursor collide 
with die cooler atoms of the inert backfill 
gas. These cooler gas atoms cause the 

P* 50 ™ t0 condense and 
solidify as nanocrystalline particles of the 
precursor. If reactive gas is used for baefc- 
mi instead of inert gas, the evaporated 
precursor and gas react, condense and 
solidify as nanocrystalline particles of the 
formed compound. 

The cooling of tfc gas i s caused by 
convecuve currents that are created with- 
in the chamber by the temperature gradi- 
ent between the energy source and a 
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Nanocrystalline Materials 


Figure 2 


Figure 3 
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A bay of physical vapor synthesis production machines 13 readied. 



Schematic of the physical vapor synthesis technique. 


#?« Pt"S«lpal Vapor Synthesis 
4lj$gfMip Slurries 

r S§^!^W^^ application of physical vapor synthesis materials is as an 
for P° Ushin e duiries u sed in the production of semicon- 
<^pr$. Gffl^yt trends in semiconductor design include decreasing line 
widths and increasing numbers of metal and dielectric layers. These design 
trends present significant issues during photolithography steps unless the lay- 

across the entire wafer. A process referred to as 
'^SS^^^ 1 plana^zation (CMP) is gaining widespread acceptance 
witton the industry to polish the sputtered metal and dielectric layers on the 
'W^^^^^ 10 a ^S^y P ,anar state - 

• |^P^ bx ^ e produced by physical vapor synthesis is incorporated into 
$lupy for phnsrizing tungsten metal layers. The sluny is prepared by intro- 
ducing the aluminum oxide powder to water, adding mechanical energy to 
break down agglomerates, and extracting particles comprising the upper end 
of the particle size distribution. Oxidizing chemicals are later blended with the 
abrasive slurry just prior to use. 

Slurry containing aluminum oxide produced by physical vapor synthesis 
has been evaluated as superior to other slurries in defectivity and micro- 
^tcjiing of tungsten surfaces. The concurrent removal rates and uniformi- 
ties are comparable to those of other slurries. Consequentiy, cost of ownership 
can be lowered by the overall performance of slurry containing physical vapor 
synthesis aluminum oxide. 

Cerium oxide produced by physical vapor synthesis is currently being eval- 
uated as an additive to slurries forplanarization of dielectric layers Such slur- 
nes generally contain silica as the sole abrasive component Initial tests indi- 
cate that adding a small percentage of cerium oxide to silica-based slurries can 
mcrease removal rates to four times the rates of slurries containing no cerium 
oxide. No concurrent degradation of defectivity, microscratching or uniformi- 
ty have been detected. 


cooled collection surface. These convee- 
tive currents cany the nanocrystalline 
panicles to the collection surface, where 
they are later harvested. The collection 
surface is typically the outer surface of a 
metal tube through which liquid nitrogen 
is passed. 

IMPROVING OUTPUT 

Nanocrystalline particles produced via 
gas-phase condensation are equiaxed, 
nonporous, free of residual surface chem- 
icals, and have a narrow particle size dis- 
tribution. However* the reduced-pressure 
conditions and dependence on natural 
convection limit the technique to a low- 
rate batch process. Practically-sized sys- 
tems can produce only tens of grams of 
nanocrystalline materials per day, result- 
ing in economies that are not feasible for 
most applications. 

In the early 1990s, scientists at 
Nanophase Technologies developed a 
patented technique based on the principles 
of gas-phase condensation. This technique 
produces particles with similar attributes 
to those produced through gas-phase con- 
densation, while eliminating the need for 
reduced-pressure conditions and the 
dependence on natural convection. The 
technique, named physical vapor syn- 
thesis* operates as a continuous process 
and at significantly increased rates com- 
pared to gas phase condensation. 

A single physical vapor synthesis pro- 
duction machine is capable of delivering 
tens of kilograms of nanocrystalline 
materials per day. This provides 
economies that are feasible for a large 


Figure 4 



Transmission electron microscopy of yttrfum oxide ttefD ano* aluminum oxide (right) produced by physical 



number of applications. The technique 
has already been successfully scaled to a 
production capacity exceeding 100 tons 
per year, and additional capacity can be 
added in a modular fashion as needed 
(see Figure 2). 

COOLING REQUIRED 

In physical vapor synthesis (Figure 3), 
precursor material is introduced at a con- 
trolled rate into a chamber. Within the 
chamber, a plasma arc is formed between 
a nonconsumable electrode and the con- 
sumable precursor. Hie precursor, typi- 
cally a high-purity metal rod, passes 
through the plasma arc and is melted and 
vaporized. 

A quench and/or reactive gas is intro- 
duced to the chamber. Atoms of evapo- 
rated precursor collide with the cooler 
atoms of the quench gas. The evaporated 
precursor condenses and solidifies as 
nanocrystalline particles of the precursor. 
If a reactive gas is also present, it reacts 
with the evaporated precursor causing 
nanocrystalline particles of the resultant 
compound to be formed upon condensa- 
tion and solidification. 

After the nanocrystalline particles are 
solidified their temperature is still elevat- 
ed. The particles must be cooled to mini- 
mize agglomeration. Additional gas is 
turbulently introduced to accelerate" cool- 
ing of the particles. The gas propels the 
panicles into a collector housing. The 
collector housing contains filter media 
that allows the gas to exit but traps the 
weakly agglomerated nanocrystalline 
panicles. The nanocrystalline panicles 


Advantages of Physical 
Vapor Synthesis 

Economical 

♦ Narrow particle size distribution 

♦ Continuous process 

♦ Particle size control 

♦ Nonporous, equiaxed particles 

♦ High-purity materials 

♦ Wide range of oxides 


vapor synthesis. 

als as nanocrystalline carbides and 
nitrides will be attempted with modifica- 
tions to the current physical vapor syn- 
thesis practices. 

A me tas table phase of a material gen- 
erally results from physical vapor synthe- 
sis due to the high process temperatures 
and rapid solidification. Particle mor- 
phologies vary with material, although 
they are commonly equiaxed. Aluminum 
oxide particles produced appear perfectly 
spherical when imaged by SEM or TEM 
(see Figure 4). 


collect on the filter media in the collector 
housing and are periodically harvested. 

PRODUCT CHARACTERISTICS 

Numerous nanocrystalline oxides and 
noble metals have been successfully fab- 
ricated using physical vapor synthesis. 
These include aluminum oxide, titanium 
dioxide, zinc oxide, iron oxide, cerium 
oxide, yttrium oxide, copper oxide, mag- 
nesium oxide, manganese oxide, indium- 
tin oxide, palladium, silver, gold and plat- 
inum. 

Non-noble metals are also of commer- 
cial interest in nanocrystalline form. 
However, in this size regime, the surfaces 
of these panicles are highly reactive and 
will oxidize when exposed to air. In the 
case of some metals, this oxidation caus- 
es violent combustion. Several methods 
to stabilize panicles are under develop- 
ment and arc expected to allow eventual 
commercialization of these metals. 
Additionally, fabrication of such materi- 


PARTICLE SIZE CONTROL 

Physical vapor synthesis provides suf- 
ficient control to allow concurrent adjust- 
ment of the specific surface area and the 
average particle size of production mate- 
rials. Specific surface areas can be varied 
from approximately 30 to 90 mVg as 
desired. This corresponds to average par- 
ticle sizes ranging from approximately 10 
to 100 nanometers. Based on close corre- 
lation between average particle sizes 
measured from TEM images and calcu- 
lated from BET specific surface areas, 
physical vapor synthesis particles are vir- 
tually nonporous. 

More important than the average 
panicle size in most applications is the 
particle size distribution, specifically the 
upper end of the distribution. Physical 
vapor synthesis materials have lognor- 
mai distributions, with one endpoint at a 
few nanometers and another between 
300 and 500 nanometers (see Figure 5). 
Less than \% of the panicles are above 
150 nanometers. 
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Relative 
0.001 
0.003 
0.009 
0.024 

o.oss 

0.114 
0.212 

8:111 

0.733 
0.901 
0.999 
1.000 
0.902 
0.733 
0.533 
0.356 
0.212 
0.114 
O.05S 
0.024 
0.009 
0.003 
0.001 
0.000 


Percent 

0.013 
0.038 

0.114 
0.304 
0.497 
1-445 
2.687 
4.499 
6.518 
9.209 
11.418 
12.660 
12.673 
11.431 
9.289 
6.318 
«.SU 
2.687 
1.445 
0.697 
0.304 
0.114 
0.038 
0.013 
0.000 


Volume-weighted panicle size distribution of aluminum oxide produced by physical vapor synthesis. 


When the panicles are collected from 
physical vapor synthesis, they are weakly 
agglomerated up to tens of microns. The 
agglomerates can be broken down to the 
particle size distributions described above 
by such techniques as ultrasonication and 


media milling. Further refinement of 
these particle size distributions is also 
passible, eliminating panicles above a 
specific size. 

The overall purity of physical vapor 
synthesis nanocrystalline particles 


approximates the purity of the precursor 
material. Consequendy, precursors com- 
mensurate with the overall purity 
requirements of the application are used. 
Specific impurities of concern for a 
given application can be Engineered to 
desired levels. 

APPLICATIONS 

Applications for oxide particles pro* 
duced by physical vapor synthesis have 
already been commercialized and include 
abrasives in polishing slurries for semi- 
conductors, anti-fungal agents for health 
care and additives to increase the wear 
resistance of polymers. Additional appli- 
cations for oxide and noble metal pani- 
cles are also being developed. These 
include transparent conductive coatings, 
precious metal catalysts and additives to 
provide various functionalities to poly- 
mers. Q 
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Nanophase Technologies Corporation is the world's leader in the development, production, and 
marketing of nanocrvstalline materials for a wide range of industrial applications. 

This web site is designed to provide information on our company, our technologies, our products, 
and applications for our nanocrvstalline materials . We hope that you will visit this site often. 
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Corporate History 

The origin of Nanophase can be traced back to research performed during the 1980s at Argonne 
National Laboratory, a U.S. Department of Energy facility. Interested in studying the properties of 
nanocrystalline materials, researchers at Argonne conceived a unique process to fabricate them. This 
process, commonly referred to today as gas phase condensation, could produce small quantities of 
materials with unique characteristics. Besides their sizes being measured in nanometers, the particles 
were of high purity, had no residual surface contaminants, were spherical, and were non-porous . 

Convinced that these materials were commercially important and that gas phase condensation could 
be scaled to produce them in large quantities at reasonable cost, Argonne scientist Dr. Richard Siegel 
founded Nanophase in 1989. At that time, gas phase condensation could produce only a few grams 
of nanocrystalline material per day at a cost of approximately $1,000 per gram. 

Several years of effort by scientists at Nanophase 
resulted in the development of a new process based 
generally on the principles of gas phase 
condensation, but with significantly improved 
fabrication rates and economies. This process, 
named Physical Vapor Synthesis fPVS^ now 
allows Nanophase to produce tons of materials per 
year with costs as low as a few pennies per gram. 
PVS is patented and was recognized with an R&D 
100 Award in 1995 as one of the year's most 
technologically significant new developments. 
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NanoTek® Aluminum Oxide 

Product Code: OiM 


Molecular Formula 
Purity 

Average Particle Size 
Specific Surface Area 
Morphology 
Crystal Phase 
Distribution 
Refractive Index 
Appearance 
Bulk Density 
True Density 


A1 2 0 3 
99.5+% 

27 - 56 nm (from SSA) 
30 - 60 m 2 /g (BET) 
Spherical 
Gamma 

2 - -400 nm (by laser scattering, Horiba LA-910) 
1.7 

White to off white powder 
0.10 g/cc 
3.6 g/cc 


Pricing 

Unit Size 

Price 

25g 

$19.00 

50g 

$27.00 

100g 

$39.00 

250g 

$64.00 

500g 

$85.00 

1kg 

$135.00 

2kg 

$200.00 

>2kg 

Quote 


http://ww.nanophase.com/Research_Materials/METALOXIDES/AluminumOxide.html 
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Physical Vapor Synthesis (PVS) 

Nanophase primarily employs its patented Physical Vapor Synthesis (PVS) process to produce 
nanocrystalline particles. PVS utilizes a plasma to heat a selected metal precursor in open 
atmosphere. As the temperature rises, the metal's atoms boil off into a stream of flowing gas, 
creating a vapor . 

Collisions with atoms of a gas that is introduced to the process cool the metal atoms so that the vapor 
condenses into liquid molecular clusters. Cooling continues, freezing these molecular clusters into 
solid particles of nanometric size. The flowing gas transports the particles to a collection vessel. The 
presence of oxygen allows oxygen atoms to intermingle with metal atoms forming nanocrystalline 
metal oxides such as aluminum oxide and titanium dioxide. 


THE PVS PSOTFSS 

A solid precursor V&p 
material is fed torn 
into the process 

Ms of thermal 
energy are 
applied 


Molecular 
clusters are 
formed 


Nanometric 
crystal particles 
are formed 


Reactive 
gas is added 


vapor and gas 
are cooled 


: it 


: TEM:"of Naih^ 

produced PVS 


|The resultant powder consists of weakly agglomerated particles of 
■spherical morphology . Purity of the powders is primarily dependent 
lupon the purity of the precursor material. There are no residual 
Jchlorides or sulfides present on the surfaces of the particles as there 
pre with materials produced by certain other combustion techniques. 
IThe clean nature of these surfaces enable treatments to be applied to 
Bailor these materials for applications requiring dispersion in a variety 
iof fluids. 


jNanophase developed PVS from the general principles of a process 
■known as gas phase condensation . G as phase condensation is 
■conducted under high vacuum conditions which limit it to producing 
■research scale quantities of nanocrystalline materials. It typically 
employs a resistive heat source to generate a gas phase of the 
. precursor material. Cooling of this gas phase to cause condensation 

and freezing to form nanocrystalline particles is accomplished using a liquid-nitrogen cooled 
collection surface. The materials produced by gas phase condensation are similar in morphology 
purity, and size to those produced via PVS. 

Gas phase condensation is practiced by many research scientists around the world as a means of 
fabricating materials for their experiments. Nanophase's patented PVS process is the only known 
method by which commercial quantities of these materials can be produced. 


http://www.nanophase.com/HTML/TECHNOLOGIES/PVS.html 
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